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IntroductIon

Translocations are human- mediated movements of 
organisms from one location to another, and they com-
monly occur in fields such as biological control, invasion 
ecology, ecosystem restoration, conservation biology, 
and mitigating development. In recent years, transloca-
tions have increasingly been used as ex situ conservation 
tools to prevent the loss of threatened species (Seddon 
et al. 2014) and are applied in several different ways 
(IUCN 2013). Population restorations aim to reinforce 
existing populations (population augmentation) or to 
reestablish species in a habitat where they previously 
occurred (reintroduction). Managers may move species 
to a new habitat to perform lost ecological functions 
(ecological replacement) or to establish insurance popu-
lations (conservation introduction). And finally, an 
increasingly common practice, which is not primarily for 
conservation purposes, is to mitigate detrimental effects 

to species’ populations from development projects (miti-
gation translocations; Germano et al. 2015). Generally, 
conservation translocations aim to establish self- 
sustaining populations in the release habitat (Griffith 
et al. 1989, IUCN 2013).

Although a variety of organisms have been success-
fully translocated, reported success rates are generally 
low (Griffith et al. 1989, Seddon 1999, Fischer and 
Lindenmayer 2000, Seddon et al. 2007) and even these 
likely reflect a publication bias towards successes (Miller 
et al. 2014). To increase the success rate of translocations, 
a range of decision frameworks and guidelines have been 
proposed (Hoegh- Guldberg et al. 2008, Richardson et al. 
2009, McDonald- Madden et al. 2011, Chauvenet et al. 
2012, Schwartz and Martin 2013). These frameworks 
consider multiple factors that influence translocation 
success: particularly the suitability of the destination 
habitat (Griffith et al. 1989, Wolf et al. 1996), the size of 
the founder population (Griffith et al. 1989, Lubow 1996, 
Fischer and Lindenmayer 2000), the origin of founder 
populations (Fischer and Lindenmayer 2000), and their 
demographic and genetic characteristics (Griffith et al. 
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1989, Somers et al. 2008, Seddon et al. 2014). Theoretical 
studies emphasize the development of quantitative 
models to guide decisions about optimal translocations 
(Lubow 1996, Tenhumberg et al. 2004, McDonald- 
Madden et al. 2011), and recent translocation guidelines 
acknowledge the importance of such quantitative models 
(IUCN 2013, Schwartz and Martin 2013).

Current translocation frameworks focus on single 
species in isolation (e.g., Hunter 2007, Hoegh- Guldberg 
et al. 2008, Richardson et al. 2009, Pérez et al. 2012, 
Schwartz and Martin 2013) or merely state that the 
existence of interspecific interactions might influence 
translocations of single species (IUCN 2013). Yet species 
interactions, such as herbivory, predation, mutualism, 
parasitism, or competition, are ubiquitous and likely 
influence the success of translocations (McLachlan et al. 
2007, Armstrong and Seddon 2008). There are also 
numerous examples of cothreatened species (Koh et al. 
2004, Dunn et al. 2009) that would benefit from the com-
bined translocations of both species (Colwell et al. 2012, 
Moir et al. 2012). In a study across a wide range of 
coevolved taxa, Koh et al. (2004) identified 6300 
cothreatened dependent species that would be lost if their 
hosts go extinct. The risk of a species going extinct due 
to the loss of its interaction partner, known as 
 coextinction risk, may be a major driver of species loss 
(Koh et al. 2004, Dunn et al. 2009). In areas with rich 
biodiversity and high endemism, taxonomists are likely 
to encounter numerous, previously unidentified species 
at risk of  coextinction due to their host’s threat status 
(e.g., Taylor and Moir 2014). Interacting species, particu-
larly cothreatened ones, are inadequately managed by 
single species approaches (McLachlan et al. 2007, 
Armstrong and Seddon 2008, Hewitt et al. 2011, Moir 
et al. 2012), because their population dynamics are 
shaped by the interactive relationship (Murray 2002).

Ignoring the interacting nature of species can nega-
tively affect translocation success rates and increase the 
extinction risk of one or more interaction partners (Moir 
et al. 2012). For example, the reintroductions of woma 
pythons (Aspidites ramsayi), numbats (Aspidites ramsayi), 
greater bilbies (Macrotis lagotis), and burrowing bet-
tongs (Bettongia lesueur) into the Arid Recovery Reserve 
in Australia failed because the predation by native and 
introduced predators was not adequately considered 
(Moseby et al. 2011). As competition is known to reduce 
species’ growth rates (Murray 2002), the translocation of 
competing species could be more difficult to achieve 
(Griffith et al. 1989). For this reason, the translocation 
of species to sites with existing competitors was dis-
couraged previously (Fiedler and Laven 1996), or com-
petitors were removed from destination sites before a 
translocation (Rudolph et al. 1992). In mutualistic rela-
tionships, species benefit from their interaction partners 
(Murray 2002), even if they do not obligately require each 
other’s presence. For example, the rare plant species 
Ixianthes retzioides has large oil- secreting flowers and is 
solely pollinated by the specialized bee Rediviva gigas. 

The plant can survive in the absence of its pollinator, but 
shows a much higher seed set when R. gigas is present 
(Steiner and Whitehead 1996). In consumer–resource 
interactions, the absence of suitable or sufficient resource 
individuals can jeopardize the successful translocation of 
the consumer, and managers may therefore need to trans-
locate individuals from each species to ensure that both 
survive, or they may need to translocate the consumer 
into locations with large existing resource populations 
(Miller et al. 1999). The strongest interactions occur 
when species are specialized; for example, host- specific 
parasites are unable to survive without their hosts 
(Colwell et al. 2012) and some orchid species depend on 
specialized pollinators for reproduction (Pemberton 
2010).

Although ignored in translocation guidelines, multi-
species translocations already occur frequently. 
Predator- free areas are scarce and expensive to create 
(Bode and Wintle 2010), and the increasing number of 
threatened species encourages managers to move com-
peting species into the same reserves. In New Zealand, 
three threatened reptile species, Sphenodon punctatus, 
Hoplodactylus duvaucelii, and Oligosoma smithi, were 
reintroduced to Tiritiri Matangi Island, an island that 
already held other native and possibly competing reptile 
species (Baling et al. 2013). The desire to recreate his-
torical ecosystems often leads to species being translo-
cated to the same destinations, such as translocations of 
marsupial herbivores to Peron Peninsula, Australia 
(Richards 2003). But even in such ecosystem restorations, 
the translocations are planned and implemented for each 
individual species in isolation, without quantitatively 
considering the potential interaction between them. 
Mitigation translocations, in which organisms are moved 
to reduce their mortality due to anthropogenic devel-
opment, often require moving several species to the same 
destination (Germano et al. 2015). To allow a large port 
development in London, approximately 24 000 animals, 
mostly reptiles but also water voles and newts, were 
moved to a single site (Williams 2011). The interactions 
between species are generally not considered in miti-
gation translocations.

In this study, we analyze the influence of interspecific 
interactions on translocation strategies for two species. 
Our aim is to identify management decisions that allow 
the successful translocation of two interacting species, 
across different interaction scenarios. We are particularly 
interested in whether the type of interaction affects two 
fundamental decisions: (1) How many founder indi-
viduals of each species are necessary for their successful 
establishment? and (2) In what order should the translo-
cations occur: simultaneous (both species at the same 
time) or sequential (one species before the other)? We use 
models for three common types of interspecific interac-
tions: consumer–resource, competition, and mutualism. 
For competitive and mutualistic systems, we analyze 
symmetric and asymmetric interaction strengths. Finally, 
for all interaction types, we analyze the sensitivity of the 
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models to increasing interaction strength and to an 
increasing delay between sequential translocations of the 
two species.

Methods

We assume that conservation managers face the 
 following problem: two interacting species are threatened 
in their original location (source). The species would 
therefore benefit from establishing insurance popula-
tions, since occupying two sites will markedly reduce the 
species’ global extinction risk. Individuals of both species 
are removed from the source to become founder popula-
tions at a new site (destination). We define that a suc-
cessful translocation includes the establishment of 
founder populations at the destination, as well as the 
survival of the source population. As the removal of indi-
viduals from the source will increase the populations’ 
local extinction risk, we seek to minimize this risk by 
translocating the smallest number of individuals that still 
allows population establishment at the destination. 
There are risks from introducing organisms to new hab-
itats, such as invasion risk, disruption of ecosystems, host 
switching, or disease introduction (Ricciardi and 
Simberloff 2009), and while important, we do not focus 
on these risks in our analyses.

Interaction models

To assess the influence of interaction types, strength, 
and symmetry on the decisions about founder size and 
translocation order, we model deterministic systems of 
two interacting species. We consider the dynamics of 
founder populations at the destination only and identify 
those translocation decisions that result in persisting 
founder populations of both species. We assume no dis-
persal between source and destination sites, hence, the 
population dynamics of both patches are spatially inde-
pendent and contingent only on local abundances.

We use previously published models for three different 
interspecific interaction types: consumer–resource 
(Eqs. 1a, 1b), competition (Eqs. 2a, 2b), and mutualism 
(Eqs. 3a, 3b). We specifically choose these models because 
they are density dependent processes, which are known 
to strongly influence population growth (Hixon and 
Johnson 2009), interspecific interactions (Courchamp 
et al. 1999), and translocation success (Deredec and 

Courchamp 2007, Somers et al. 2008). These processes 
reduce the population’s growth rate at high abundances 
(i.e., high density- dependent process) and at low abun-
dance (i.e., low density- dependent process or Allee 
effect). The interactions between species have an influence 
on the high density- dependent process, resulting in a 
change of the populations’ realized carrying capacities. 
For example, flour beetles reached higher population 
sizes in experiments without the presence of a competing 
species (Park 1962). Further, interspecific interactions 
influence Allee effects, and theory predicts that a con-
sumer’s Allee effect increases a resource’s equilibrium 
density (Zhou et al. 2005). For example, parasites may 
find it more difficult to locate hosts when the host is at 
low densities (Courchamp et al. 1999), leading to reduced 
reproductive success. Cooperative hunters are less 
effective if their pack size is below a critical threshold 
(Creel 1995), which decreases the predation pressure on 
their prey, and smaller prey groups suffer more from 
predation than larger groups (Courchamp et al. 1999).

For consumer–resource systems, such as predator–
prey, herbivore–plant, or parasite–host systems (Eqs. 1a, 
1b), we base our models on those by Zhou et al. (2005). 
The consumer dynamics depend on a numerical response, 
which is determined by a strike rate s, a conversion rate 
c of the resource N by the consumer P, and an intrinsic 
death rate dP (Eq. 1a). The Allee effect is incorporated 
as P/(P + AP), where P is the consumer density and AP 
is an Allee constant. There is no specific formulation for 
the high density- dependent process in the consumer 
equation, because its high- density dynamics are regu-
lated by resource availability. The resource dynamics are 
a function of its birth rate bN, a high density- dependent 
process 1 − N/KN, where KN is a constant for the carrying 
capacity, and an Allee effect N/(N + AN), which is an 
equivalent formulation to the consumer equation. Here, 
N represents the resource density and AN is a constant. 
The growth of the resource is then decreased by a per- 
capita mortality rate dN and a consumption term that 
depends on the strike rate s and the abundance of both 
consumers and resource, P and N, respectively. 

(1a)

 (1b)

dP

dt
= csNP

(

P

P+AP

)

−dPP,

dN

dt
= N

(

bN

(

1−
N

KN

)(

N

N+AN

)

−dN

)

−sNP.

FIg. 1. Translocation scenarios for two interacting species with (a, b) consumer–resource, (c, d) competitive, and (e, f) mutualist 
interactions. Left column (a, c, e) shows a phase space of founder populations, with trajectory arrows superimposed. The gray 
shading shows the final outcome of each combination of founder population. Dark gray represents unsuccessful translocated 
population combinations (failure region). Light gray areas indicate successful combinations (success region). Right column (b, d, f) 
shows the differences between simultaneous translocations (gray scale) and sequential translocations (black line denotes the 
extinction boundary). The following parameter sets were used for the simulations: consumer–resource, KN = 45, bN = 2.5, dN = 0.2, 
dP = 0.5, AN = 6, AP = 5, s = 0.1, c = 0.05, tP = 1; competition, KC1 = KC2 = 45, αC1 = αC2 = 0.5, bC1 = bC2 = 0.11, AC1 = AC2 = 12, 
dC1 = dC2 = 0.021; mutualism, KM1 = KM2 = 45, αM1 = αM2 = 0.5, bM1 = bM2 = 0.11, AM1 = AM2 = 12, dM1 = dM2 = 0.021. The 
parameter combinations for the competition model originate from Wang et al. (1999) and are replicated in the mutualism model for 
consistency. Translocation delay for the consumer–resource system is one time step, between competitors and mutualists it is five 
time steps.
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For competitive and mutualistic interactions, we use 
models by Wang et al. (1999). Here, the population growth 
of two competitors, C1 and C2, is defined by their birth 
rates, bC1 and bC2, and their death rates, dC1 and dC2, 
respectively (Eqs. 2a, 2b). Both species are linked through 
competition by interaction terms, αC1C2 and αC2C1, which 
affect their carrying capacities KC1 and KC2 and reduce the 
realized equilibrium of the competitive system. The intro-
duction of an Allee effect, C1/(C1 + AC1) and C2/(C2 + AC2), 
leads to several alternative stable states in the two- species 
system, but may inhibit coexistence if the  interaction is 
sufficiently strong (Wang et al. 1999). 

(2a)

 (2b)

We assume that mutualistic systems (Eqs. 3a, 3b) 
mirror competitive dynamics, but with interaction coef-
ficients of the opposite sign, such that αM1 and αM2 are 
both negative. The parameters are similar to the com-
petitive system: the population growth of both mutualist 
M1 and M2 is defined by their birth rates bM1 and bM2, 
and their death rates dM1 and dM2, respectively. We are 
modeling a facultative mutualism, where species are able 
to survive without their partner, but can utilize more 
resources in the presence of their partner. Hence, the 
interaction terms αM1M2 and αM2M1 are only found in 
the high- density process. 

(3a)

 (3b)

The translocation process

To demonstrate a translocation, we simulate founder 
population dynamics after their translocation to the des-
tination until they reach equilibrium density (all of the 
systems we analyze exhibit asymptotic stability). The 
population equations have many potential parameterisa-
tions. To maintain clarity, we consider a more tractable 
set of five scenarios with different interaction types and 
strengths. We model one consumer–resource system (sce-
nario I) and two different scenarios for competition (sce-
nario II and III) and mutualism (scenario IV and V), with 
symmetric and asymmetric interactions between the 
partners. Asymmetric interaction is achieved by intro-
ducing a difference in the competitive pressure (scenario 

III) between a superior competitor C1 and an inferior 
competitor C2 (αC1 < αC2) and a different mutualistic 
benefit (scenario V) that a superior mutualist M1 receives 
by an inferior mutualist M2 (αM1 > αM2). We explore how 
the order of the translocations affects outcomes by mod-
eling both simultaneous and sequential translocations. In 
sequential translocations, we delay the translocation of 
one of the species (i.e., delayed are the consumer, com-
petitor 2, and mutualist 2). In addition, we explore how 
outcomes change with increasing interaction strength: 
attack rate for consumers (c = 0.7–1.3 in steps of 0.2) and 
interaction strength for competitors (αC1 = αC2 = 0.1; 0.2; 
0.3; 0.5) and mutualists (αM1 = αM2 = 0.1; 0.2; 0.3; 0.5). 
We also investigate the effect of increasing time delays 
(time steps between sequential translocations = 0; 1; 2; 5) 
by delaying the translocation of the consumer, competitor 
2, and mutualist 2. We use Matlab 8.4.0 (R2014b) to 
simulate the population dynamics.

We present the population dynamics in phase spaces 
for a range of possible founder population sizes (e.g., 
Fig. 1). For each combination of founder population 
sizes, we map the outcome of a translocation as one of 
two possibilities: success when both populations 
establish and coexist (Fig. 1, light gray area, hereafter 
the success region) and failure if either population goes 
extinct (dark gray area, hereafter the failure region). In 
this translocation space, the success and failure regions 
are divided by a boundary line (i.e., a separatrix sensu 
Murray 2002), which we hereafter call extinction 
boundary. To present the outcome of sequential trans-
locations, we superimpose the new extinction boundary 
(black line) in the phase space of simultaneous translo-
cations (Fig. 1). The extinction boundary actually 
reflects each species’ individual extinction boundary 
separately. To increase simplicity and because we are 
only interested in the success or failure of a two- species 
system, we combine these extinction boundaries to a 
single continuous line.

results

Effects of interaction types

The consumer–resource phase space (scenario I) shows 
a distinct shape, with the success region for founder 
populations surrounded by the failure region (Fig. 1a). 
This is caused by the cyclic nature of Lotka- Volterra 
consumer–resource dynamics (e.g., Murray 2002) and is 
visible in the population trajectories (i.e., arrows in 
Fig. 1a). While increasing initial resource abundances 
decreases the lower extinction boundary for the con-
sumer, increasing consumer abundances increases the 
lower extinction boundary of the resource. With 
increasing resource abundances, the upper extinction 
boundary decreases, thereby reducing the total region for 
successful translocations (Fig. 1a). The lower and upper 
extinction boundaries imply that translocations can fail 
if the number of consumers is too low, but also if their 

dC1
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(
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(

1−
C1+�C1C2

KC1
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number is too high. In the latter case, extinction is caused 
by the consumer population first overshooting its 
resource population and then declining rapidly to 
extinction through starvation and passing its extinction 
boundary (Fig. 1a).

Delaying the consumer translocation changes the 
location and shape of the success region, so that the lower 
and the upper extinction boundaries are decreased. 
Sequential translocations therefore allow moving fewer 
resource individuals, because the delay permits the 
resource population to increase rapidly in the temporary 
absence of its consumer (Fig. 1b). However, the reduced 
upper extinction boundary of the consumer population 
requires lower consumer founder populations than in 
simultaneous translocations. As a result, some combina-
tions of consumer and resource numbers will succeed if 
translocated simultaneously, but fail if translocated 
sequentially. This phenomenon occurs when the delay 
allows resources to establish sufficiently high numbers so 
that the consumer population overshoots and then crashes.

In contrast to consumer–resource systems, the success 
region of competitors and mutualists is only limited by 
an extinction boundary for small founder populations of 
either species (Fig. 1c–f). When translocating symmetric 
competitors (scenario II) simultaneously, the failure 
region increases with growing founder abundances 
(Fig. 1c), which implies that larger numbers of one com-
petitor require larger numbers of its interaction partner 
for them to establish successfully. This result is common 
to all competitor translocations. The equilibrium density 
of interacting competitors is lower than their equilibrium 
when they are alone in the ecosystem (indicated by the 
crossing point of the arrows in Fig. 1c). When translo-
cating symmetric competitors sequentially by delaying 
competitor two (C2), the extinction boundary of both 
changes (Fig. 1d). Competitor one (C1) arrives at the 
destination with a lower extinction boundary, while com-
petitor two experiences a slight increase in its extinction 
boundary. The delayed competitor has to overcome 
greater competitive pressure, because it arrives at a des-
tination where another competitor has already estab-
lished. The overall success region for sequential 
translocations is larger due to a more substantial decrease 
in the extinction boundary of the competitor translocated 
first (Fig. 1d).

When translocating asymmetrical competitors simul-
taneously (scenario III; αC1 < αC2), the translocation 
boundary of the superior competitor is lower than that 
of the inferior competitor (Fig 2a, b). Simultaneous 
translocations of competitors with unequal competitive 
abilities require much larger founder populations of the 
inferior than of the superior competitor. Translocating 
the superior competitor C1 first in sequential transloca-
tions, it maintains its extinction boundary, while the 
extinction boundary of the inferior competitor C2 
increases substantially, exacerbating the difficulty of 
establishing it at the destination site (Fig. 2a). If the 
inferior competitor is moved first instead, its extinction 

boundary decreases substantially, while there is no 
change in the extinction boundary of the superior com-
petitor (Fig. 2b). The increase in translocation success is 
caused by the temporary absence of competition before 
the arrival of the superior competitor, indicating that it 
is optimal to translocate the inferior before the superior 
competitor.

When translocating symmetric mutualists (scenario 
IV) simultaneously, the success region expands only mar-
ginally with growing founder populations of both mutu-
alistic species (Fig. 1e). The realized equilibrium density 
of interacting mutualists increases substantially com-
pared to that of single species (Fig. 1e). When delaying 
the translocation of mutualist two, its extinction 
boundary shows a very small decrease, while the 
extinction boundary of the first species increases (Fig. 1f). 
The resulting overall success region for sequential trans-
locations is slightly smaller than for simultaneous trans-
locations (Fig. 1f). For asymmetrical mutualists, where 
αM1 > αM2 (scenario V), the extinction boundary of the 
superior mutualist M1 is lower compared to that of the 
inferior mutualist M2 in simultaneous translocations 
(Fig. 2c, d). Delaying the inferior mutualist leads to a 
small increase in the extinction boundary of the superior 
mutualist, while the extinction boundary of the inferior 
remains similar (Fig. 2c). When delaying the superior 
mutualist, its extinction boundary decreases only slightly, 
and the inferior mutualist’s extinction boundary increases 
marginally for higher founder numbers (Fig. 2d). 
Independent of the symmetry of the mutualistic inter-
action (scenarios IV and V), the overall success region 
increases little in sequential translocations, hence, the 
effect of delaying translocations in mutualistic systems is 
small.

Exploration of the decision space for different parameter 
values

The extinction boundaries for two- species systems of 
consumer–resource, competitors, and mutualists react 
differently to increases in the interaction strength αi 
(Fig. 3a–c). In the consumer–resource system, an increase 
in interaction strength substantially decreases the overall 
success region (Fig. 3a). For competitors and mutualists, 
increases in interaction strength result in opposite pat-
terns: while the extinction boundary of competitors 
increases substantially with increasing competitive 
pressure and partner’s population size (Fig. 3b), the 
mutualistic system experiences a small decrease in its 
extinction boundaries with increasing mutualistic benefit 
(Fig. 3c). This decrease and the subsequent increase in 
the success region are less substantial than the changes 
in competitive systems.

We finally examine the sensitivity of translocation 
decisions to increasing delays between translocations in 
a sequential management strategy. The extinction 
boundaries of the resource decrease with increasing delay 
time in sequential translocations of consumers (Fig. 3d). 
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The upper extinction boundary for high consumer 
numbers, however, exhibits a profound decrease. High 
initial consumer numbers that succeed for simultaneous 
translocations are too high for sequential approaches. 
The initially translocated resource is released from con-
sumption pressure during the delay period, in which it 
can establish high numbers. The delayed consumer then 
enters a resource- rich ecosystem, and consequently expe-
riences rapid population growth, which causes popu-
lation crashes in both species. The competitor species 
translocated first, C1, exhibits a decrease in its extinction 
boundary with increased delay (Fig. 3e). The extinction 
boundary of the delayed competitor, C2, is lowest for 

simultaneous translocations and increases with increasing 
delay (Fig. 3e). Sequential translocations facilitate the 
establishment of the first competitor at the destination 
site due to a release from competitive pressure during the 
delay period. The delayed competitor, however, experi-
ences a higher competitive pressure when arriving to a 
destination where competitor one is already established. 
Delaying a mutualist, M2, has very little effect on both 
species’ extinction boundaries (Fig. 3f). There is, however, 
a slight increase in the extinction boundary of the initial 
mutualist, M1, and correspondingly a slight decrease 
in the extinction boundary of the delayed mutualist. 
Sequential translocations of mutualists disrupt the 

FIg. 2. Translocation scenarios for two interacting species with (a, b) asymmetric competition and (c, d) asymmetric mutualism. 
One species experiences a higher competitive pressure (αC1 = 0.5, αC2 = 0.1) or benefits more (αM1 = 0.5, αM2 = 0.1) from the 
interaction than its partner, resulting in a superior species and an inferior species. Plots show results for simultaneous translocations 
(gray colors) and two options for sequential translocations (black line) with a delay before the translocation of (a, c) the inferior 
species and (b, d) the superior species. Other parameters are replicated from previous simulations (see Fig. 1).
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positive interaction between the species leading to 
decreased growth rates of the mutualist arriving first.

dIscussIon

We have demonstrated that management decisions 
become more complex when accounting for interspe-
cific interactions in multispecies translocations. Our 
findings are applicable to all decisions that involve the 
anthropogenic movement of interacting species, such as 
the introduction of biological controls, restoration of 

degraded habitats, mitigation of anthropogenic devel-
opment, or conservation translocations. Management 
complexity is influenced by both ecological (i.e., inter-
action strengths, Allee effects, and equilibrium popu-
lation sizes) and management (i.e., founder population 
abundances, order of translocation, length of delay 
between translocations) factors, each of which influences 
the likely success and failure of a translocation. Across 
interaction types, there is only one apparent generality 
for translocation decisions: founder populations have to 
exceed a lower extinction boundary for successful 

FIg. 3. Translocation scenarios for two interacting species in (a, d) consumer–resource, (b, e) competitive, and (c, f) mutualistic 
systems for (a, b, c) increasing interaction strength, αi in simultaneous translocations, and (d, e, f) increasing delay between species 
one and two in sequential translocations. Parameter values for increasing interaction strengths (consumer, c = 0.7, 0.9, 1.1, 1.3; 
competitor, αC1 = αC2 = 0.1, 0.2, 0.3, 0.5; and mutualist, αM1 = αM2 = 0.1, 0.2, 0.3, 0.5) and time delay (second translocation at time 
step: 0, 1, 2, 5) are indicated within the figures. All other parameters are replicated from previous simulations (see Fig. 1). Extinction 
boundaries resulting from different interaction strengths are indicated with different shading, extinction boundaries from different 
delay time are shown with different line.
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translocations. Given that management would want both 
source and founder populations to persist, translocations 
should not reduce the source populations below its 
extinction boundary. For a translocation to be successful 
without extirpating the source, source populations need 
to be at least twice as large as the species’ extinction 
boundaries. If this requirement is not fulfilled, popula-
tions at either the source or the destination will go extinct.

Consumer–resource systems are very complex, illustrated 
by the distinctive shape of the resulting phase space with 
the success region enveloped by the failure region (Fig. 1a). 
Our findings suggest that successful translocations of 
dependent consumers with their resource are possible, but 
that the interaction needs to be considered quantitatively in 
the planning stage of the multispecies translocation. In com-
bined translocations of consumers and resources, founder 
populations of both species must originate from within a 
feasible region of population sizes to avoid critical popu-
lation levels: problems cannot be solved or uncertainties 
avoided by simply translocating more individuals. The 
failure to establish populations of tuatara ticks (Amblyomma 
sphenodonti) on translocated tuatara (Sphenodon punctatus) 
in New Zealand has been linked to this phenomenon, with 
the density of tuatara being considered too low to sustain 
the tick population (Moir et al. 2012). Currently managers 
are preparing for the reintroduction of eastern quolls 
(Dasyurus viverrinus) into Booderee National Park in 
Australia (Milman 2015). These small marsupial predators 
feed on small mammals, reptiles, insects, and birds, and it 
might therefore be a threat to the endangered Eastern 
Bristlebird (Dasyornis brachypterus). To successfully rein-
troduce the quoll, without putting the Eastern Bristlebird 
population at risk, it is important to ensure a large enough 
bird population and sufficient alternative resources. 
Insufficient numbers of natural prey at reintroduction sites 
have caused wolves to switch to preying on livestock 

(Hayward and Somers 2009), resulting in human–wildlife 
conflict. To ensure sufficient resources and avoid human–
wildlife conflict, sequential translocations of consumers 
after initial resource establishment could solve these 
problems. However, delaying consumer translocations will 
not always increase the translocations success, as indicated 
by the reductions on the upper extinction boundary of the 
success region (Fig. 3d).

Translocating competing species in inappropriate ratios 
can lead to competitive exclusions of species and jeopardize 
the success of a multispecies translocation project. The 
reintroduction of red barbed ants (Formica rufibarbis) in 
the UK is an example where unexpected competitive rela-
tionships with other ants, specifically Lasius niger, and to 
a lesser extent F. sanguinea, prevented translocation success 
(Dodd et al. 2013). It is thought that for this translocation 
to succeed, larger founder populations of F. rufibarbis 
would have been necessary (Dodd et al. 2013). Competing 
species are commonly translocated in situations where a 
shared threat endangers species within a particular trophic 
level. Frequently, species in Australia and New Zealand 
are being moved onto islands and into fenced areas to 
release them from the threat posed by invasive predators 
(Hancock et al. 2000, Short 2009), often with limited 
success (Richards 2003). In central Australia, for example, 
the Scotia Wildlife Sanctuary received a suite of translo-
cated marsupial herbivores, including bilbies (Macrotis 
lagotis), boodies (Bettongia lesueur), woylies (Bettongia 
penicillata), bridled nail- tail wallabies (Onychogalea 
fraenata), numbats (Myrmecobius fasciatus), and stick- nest 
rats (Leporillus apicalis), all threatened in the wild by pre-
dation from introduced cats and foxes (Australian Wildlife 
Conservancy 2012). Some of these species have very similar 
habitat requirements and may therefore compete. In such 
systems, sequential translocations could benefit inferior 
competitors or small source populations because of 
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priority effects, whereby they may offer the first species to 
arrive at a destination the opportunity to establish robust 
populations.

As hypothesized, mutualists enjoy a positive benefit 
from the interaction with a partner, but compared to 
competitive interactions, this beneficial effect is only small 
and changes little with translocation timing or interaction 
strength. Since small mutualist populations near the Allee 
threshold are unconstrained by resources, the presence or 
absence of a mutualist partner has no substantial effect 
on growth rates. Instead, their growth rates are limited 
by the availability of conspecifics (e.g., for reproduction 
or foraging success). Our model represents facultative 
mutualism, whereby the presence of a mutualist increases 
a species’ carrying capacity, but the species can survive 
without each other. For example, the inoculation of the 
endangered plant species, Abronia macrocarpa, with 
arbuscular mycorrhizal fungi has been shown to improve 
growth and development of germinated plants and is 
therefore thought to be a viable technique to increase 
translocation success (Ferrazzano and Williamson 2013). 
Although we did not model obligate mutualistic interac-
tions, it is conceivable that the positive mutualistic effect 
is stronger in more specialized interactions. The survival 
of the orchid, Disa draconis, in the Rondevlei Nature 
Reserve, South Africa, depends on hand- pollination, 
because its obligate pollinator, a long- tongued horsefly, 
disappeared from the reserve due to fragmentation 
(Milton et al. 1999). This demonstrates the necessity of 
including mutualists in plant restoration (Menz et al. 
2011), particularly orchid conservation (Seaton et al. 
2010). Other mutualistic systems are also likely to benefit 
from the combined translocation of the interaction 
partners, such as fleshy- fruiting plants and frugivore seed- 
dispersers (Brodie and Aslan 2011) or native insect pol-
linators and flowering plants (Aslan et al. 2012).

We have shown that our results are qualitatively robust 
to some variation in the parameter values and the dif-
ferent decisions available to managers. However, the spe-
cific shapes of the success and failure regions will depend 
on the parameterization and the structure of the inter-
action models. We focus our investigation on a few key 
characteristics of deterministic population dynamics 
because the purpose of this work is to illustrate how inter-
actions add substantial complexity to translocation deci-
sions. In well- understood systems, decision- makers may 
add other influential processes into the coupled models, 
such as genetic factors, environmental and demographic 
stochasticity, and parameter uncertainty. Many of these 
processes are mentioned in current single- species translo-
cation guidelines (IUCN 2013, Schwartz and Martin 
2013), and adding them to our model would increase both 
the accuracy and complexity of model predictions and 
management decisions. However, including such complex 
dynamics for two species would increase the parameteri-
sation effort and the additions would only reinforce our 
central argument: translocating multiple species is much 
more complex than current guidelines acknowledge.

Some additional considerations that are not accounted 
in single- species translocation guidelines will have an 
amplified effect in multispecies projects. Climate change, 
for instance, is thought to affect species differently in inter-
active systems (Tylianakis et al. 2008, Singer et al. 2012, 
Moir et al. 2014). Global warming can disrupt mutualistic 
interactions when it reduces the phenological overlap of 
interacting partners (Memmott et al. 2007), leading to 
shifts in the competitive dominance within species com-
munities and a change in their structure (Araújo and Luoto 
2007). Varying dispersal responses, for example, one 
species may need to migrate further to avoid negative 
impacts from global warming, could substantially influence 
the decisions on the optimal timing of translocations 
(Singer et al. 2012). These issues are particularly important 
because climate change is a key reason for translocating 
threatened species in conservation management. Another 
factor in multispecies translocation planning is the changing 
extent of interaction strength associated with different life- 
stages. In many cases only specific life- stages of an organism 
interact with another species, and even the type of inter-
action can vary between life stages (le Roux et al. 2013). 
Such age restrictions will require appropriate distribution 
of life stages in the founder populations in relation to their 
interaction partners. For example, the restoration of host- 
specific hemipteran herbivores in southwest Australia 
would benefit from planting mature individuals of their 
only resource, the grasstree Xanthorrhoea preissii (Moir 
et al. 2010). Considering these factors may be necessary for 
future investigation of multispecies translocations.

conclusIon

Anthropogenic movement of interacting species occurs 
for various different reasons, such as biological control, 
invasive species, ecosystem restoration, reintroductions, 
mitigation translocations, and conservation introductions. 
We have shown that decisions about translocating multiple 
species are complex and interaction- specific. Our findings 
indicate that the type of interaction defines the translocation 
decisions regarding the required founder sizes and the order 
of translocations. Interacting species that are subject to 
Allee effects show thresholds for minimum founder popu-
lation sizes and the position of these thresholds change with 
interaction type. Simultaneous translocations are possible 
for all interaction types, provided that appropriate numbers 
of founders from each population are translocated, and we 
have shown that higher numbers are not always better (e.g., 
consumer–resource systems). While competitors and con-
sumer–resource systems benefit from sequential transloca-
tions, mutualistic systems show little change in the extinction 
boundary when one partner is delayed. This complexity in 
multi- species translocations needs to be acknowledged and 
emphasized in translocation frameworks and guidelines, 
which is not occurring at present. Current translocation 
guidelines either ignore the interdependencies of species 
(Griffith et al. 1989, Hunter 2007, Hoegh- Guldberg et al. 
2008, Richardson et al. 2009, Pérez et al. 2012, Schwartz 
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and Martin 2013) or non- specifically state that species’ 
biotic habitat needs, interspecific relationships, and depend-
encies might affect decisions (McLachlan et al. 2007, Hewitt 
et al. 2011, IUCN 2013) but leave the extent of the effect 
open. Our study shows that the guidelines should place a 
greater emphasis on the influence of interspecific interaction 
in the planning of each translocation, especially where mul-
tiple species are being translocated.

acknowledgMents

We thank Timothy O’Brien and three anonymous reviewers 
for their valuable comments on the manuscript. M. Plein is 
funded by an Australian Postgraduate Award. M. Bode is 
funded by an Australian Research Council DECRA Fellowship 
(DE130100572). All authors acknowledge the Australian 
Research Council Centre of Excellence for Environmental 
Decisions and the National Environmental Research Program 
for funding support.

lIterature cIted

Araújo, M. B., and M. Luoto. 2007. The importance of biotic 
interactions for modelling species distributions under climate 
change. Global Ecology and Biogeography 16:743–753.

Armstrong, D. P., and P. J. Seddon. 2008. Directions in 
reintroduction biology. Trends in Ecology and Evolution 
23:20–25.

Aslan, C. E., E. S. Zavaleta, and D. Croll. 2012. Effects of 
native and non- native vertebrate mutualists on plants. 
Conservation Biology 26:778–789.

Australian Wildlife Conservancy 2012. Wildlife Matters. 
Autumn 2012. Pages 1–16. http://www.australianwildlife.
org/field-updates/2012/wildlife-matters-autumn-2012.aspx

Baling, M., D. van Winkel, M. Habgood, J. Ruffell, W. Ji, 
and G. Ussher. 2013. A review of reptile research and 
conservation management on Tiritiri Matangi Island, New 
Zealand. New Zealand Journal of Ecology 37:272–281.

Bode, M., and B. Wintle. 2010. How to build an efficient 
conservation fence. Conservation Biology 24:182–188.

Brodie, J. F., and C. E. Aslan. 2011. Halting regime shifts 
in floristically intact tropical forests deprived of their 
frugivores. Restoration Ecology 20:153–157.

Chauvenet, A., J. G. Ewen, D. P. Armstrong, T. M. Blackburn, 
and N. Pettorelli. 2012. Maximizing the success of assisted 
colonizations. Animal Conservation 2:161–169.

Colwell, R. K., R. R. Dunn, and N. C. Harris. 2012. 
Coextinction and persistence of dependent species in a 
changing world. Annual Review of Ecology Evolution and 
Systematics 43:183–203.

Courchamp, F., T. Clutton-Brock, and B. Grenfell. 1999. 
Inverse density dependence and the Allee effect. Trends 
in Ecology and Evolution 14:405–410.

Creel, S. 1995. Communal hunting and pack size in 
African wild dogs, Lycaon pictus. Animal Behaviour 
50:1325–1339.

Deredec, A., and F. Courchamp. 2007. Importance of the 
Allee effect for reintroductions. Ecoscience 14:440–451.

Dodd, S., N. Gammons, D. Clarke and P. Pearce-Kelly. 
2013. The translocation of the red barbed ant from the 
Isles of Scilly to Chobham Common National Nature 
Reserve, Surrey, UK. pp. 6-9 in Soorae P. S., editor. Global 
re-introduction perspectives: 2013. Further case studies from 
around the globe. IUCN/SSC Re-introduction Specialist 
Group and Abu Dhabi, UAE: Environment Agency-Abu 
Dhabi, Gland, Switzerland.

Dunn, R. R., N. C. Harris, R. K. Colwell, L. P. Koh, and 
N. S. Sodhi. 2009. The sixth mass coextinction: Are most 
endangered species parasites and mutualists? Proceedings 
of the Royal Society B 276:3037–3045.

Ferrazzano, S., and P. S. Williamson. 2013. Benefits of 
mycorrhizal inoculation in reintroduction of endangered 
plant species under drought conditions. Journal of Arid 
Environments 98:123–125.

Fiedler, P. L. and R. D. Laven. 1996. Selecting reintroduc tion 
sites. pp. 157-169 in D. A. Falk, C. I. Millar, and M. Olwell, 
editors. Restoring diversity: strategies for rein troduction of 
endangered plants. Island Press, Washington, D.C., USA.

Fischer, J., and D. B. Lindenmayer. 2000. An assessment of 
the published results of animal relocations. Biological 
Conservation 96:1–11.

Germano, J. M., K. J. Field, R. A. Griffiths, S. Clulow, J. 
Foster, G. Harding, and R. R. Swaisgood. 2015. Mitigation- 
driven translocations: Are we moving wildlife in the right 
direction? Frontiers in Ecology and the Environment 
13:100–105.

Griffith, B., J. M. Scott, J. W. Carpenter, and C. Reed. 
1989. Translocation as a species conservation tool: status 
and strategy. Science 245:477–480.

Hancock, S., P. Brown and B. Stephens. 2000. Shark Bay 
terrestrial reserves management plan. Department of 
Conservation and Land Management, Perth, Western 
Australia, Australia.

Hayward, M. W., and M. Somers. 2009. Reintroduction of 
top-order predators. John Wiley & Sons, West Sussex, UK.

Hewitt, N., N. Klenk, A. L. Smith, D. R. Bazely, N. Yan, 
S. Wood, J. I. MacLellan, C. Lipsig-Mumme, and I. 
Henriques. 2011. Taking stock of the assisted migration 
debate. Biological Conservation 144:2560–2572.

Hixon, M. A., and D. W. Johnson. 2009. Density dependence 
and independence. John Wiley & Sons, Chichester, UK.

Hoegh-Guldberg, O., L. Hughes, S. McIntyre, D. B. 
Lindenmayer, C. Parmesan, H. P. Possingham, and C. D. 
Thomas. 2008. Assisted colonization and rapid climate 
change. Science 321:345–346.

Hunter, M. L. 2007. Climate change and moving species: 
furthering the debate on assisted colonization. Conservation 
Biology 21:1356–1358.

IUCN. 2013. Guidelines for reintroductions and other 
conservation translocations. IUCN (International Union 
for Conservation of Nature), Gland, Switzerland.

Koh, L. P., R. R. Dunn, N. S. Sodhi, R. K. Colwell, H. 
C. Proctor, and V. S. Smith. 2004. Species coextinctions 
and the biodiversity crisis. Science 305:1632–1634.

Lubow, B. C. 1996. Optimal translocation strategies for 
enhancing stochastic metapopulation viability. Ecological 
Applications 6:1268–1280.

Matlab, 2014. Matlab and Toolboxes R2014b. Mathworks, 
Natick, Massachussets, USA.

McDonald-Madden, E., M. C. Runge, H. P. Possingham, 
and T. G. Martin. 2011. Optimal timing for managed 
relocation of species faced with climate change. Nature 
Climate Change 1:261–265.

McLachlan, J. S., J. J. Hellmann, and M. W. Schwartz. 
2007. A framework for debate of assisted migration in an 
era of climate change. Conservation Biology 21:297–302.

Memmott, J., P. G. Craze, N. M. Waser, and M. V. Price. 
2007. Global warming and the disruption of plant- pollinator 
interactions. Ecology Letters 10:710–717.

Menz, M. H. M., R. D. Phillips, R. Winfree, C. Kremen, M. 
A. Aizen, S. D. Johnson, and K. W. Dixon. 2011. Reconnecting 
plants and pollinators: challenges in the restoration of 
pollination mutualisms. Trends in Plant Science 16:4–12.

http://www.australianwildlife.org/field-updates/2012/wildlife-matters-autumn-2012.aspx
http://www.australianwildlife.org/field-updates/2012/wildlife-matters-autumn-2012.aspx


MULTISPECIES TRANSLOCATION STRATEGIESJune 2016  1197

Miller, B., K. Ralls, R. P. Reading, J. M. Scott, and J. Estes. 
1999. Biological and technical considerations of carnivore 
translocation: a review. Animal Conservation 2:59–68.

Miller, K. A., T. P. Bell, and J. M. Germano. 2014. 
Understanding publication bias in reintroduction biology 
by assessing translocations of New Zealand’s herpetofauna. 
Conservation Biology 28:1045–1056.

Milman, O. 2015. Eastern quolls, extinct on mainland, to 
be reintroduced in NSW national park. http://www.
theguardian.com/environment/2015/may/15/eastern- 
quolls-extinct-on-mainland-to-be-rewilded-in-nsw-national-
park

Milton, S. J., W. J. Bond, M. A. Du Plessis, D. Gibbs, C. 
Hilton-Taylor, H. P. Linder, L. Raitt, J. Wood, and J. 
S. Donaldson. 1999. A protocol for plant conservation by 
translocation in threatened lowland fynbos. Conservation 
Biology 13:735–743.

Moir, M. L., K. E. C. Brennan, J. D. Majer, J. M. Koch, 
and M. J. Fletcher. 2010. Plant species redundancy and 
the restoration of faunal habitat: lessons from plant- dwelling 
bugs. Restoration Ecology 18:136–147.

Moir, M. L., P. A. Vesk, K. E. C. Brennan, R. Poulin, L. 
Hughes, D. A. Keith, M. A. McCarthy, and D. J. Coates. 
2012. Considering extinction of dependent species during 
translocation, ex situ conservation, and assisted migration 
of threatened hosts. Conservation Biology 26:199–207.

Moir, M. L., L. Hughes, P. A. Vesk, and M. C. Leng. 2014. 
Which host- dependent insects are most prone to coextinction 
under changed climates? Ecology and Evolution 
4:1295–1312.

Moseby, K. E., J. L. Read, D. C. Paton, P. Copley, B. M. 
Hill, and H. A. Crisp. 2011. Predation determines the 
outcome of 10 reintroduction attempts in arid South 
Australia. Biological Conservation 144:2863–2872.

Murray, J. D. 2002. Mathematical biology I: an introduction. 
Vol. 17 of Interdisciplinary applied mathematics. First 
edition. Springer Verlag, New York, New York, USA.

Park, T. 1962. Beetles, competition, and populations: an 
intricate ecological phenomenon is brought into the 
laboratory and studied as an experimental model. Science 
138:1369–1375.

Pemberton, R. W. 2010. Biotic resource needs of specialist 
orchid pollinators. Botanical Review 76:275–292.

Pérez, I., J. D. Anadón, M. Díaz, G. G. Nicola, J. L. Tella, 
and A. Giménez. 2012. What is wrong with current 
translocations? A review and a decision- making proposal. 
Frontiers in Ecology and the Environment 10:494–501.

Ricciardi, A., and D. Simberloff. 2009. Assisted colonization: 
good intentions and dubious risk assessment. Trends in 
Ecology Evolution 24:476–477.

Richards, J. D. 2003. Report on threatened Shark Bay 
marsupials, western barred bandicoot Perameles bougainville 
bougainville, burrowing bettong Bettongia lesueur lesueur, 
banded hare-wallaby Lagostrophus fasciatus fasciatus, and 
rufous hare-wallabies Lagorchestes hirsutus bernieri and 
Lagorchestes hirsutus dorreae. Department of the 
Environment and Heritage, Canberra, Australia. http://www.
sharkbay.org/assets/documents/sbmarsupialsrecpln.pdf

Richardson, D. M., et al. 2009. Multidimensional evaluation 
of managed relocation. Proceedings of the National 
Academy of Sciences of the United States of America 
106:9721–9724.

le Roux, P. C., J. D. Shaw, and S. L. Chown. 2013. Ontogenetic 
shifts in plant interactions vary with environmental severity 
and affect population structure. New Phytologist 
200:241–250.

Rudolph, D. C., R. N. Conner, D. K. Carrie, and R. R. 
Schaefer. 1992. Experimental reintroduction of red- cockaded 
woodpeckers. The Auk 109:914–916.

Schwartz, M. W., and T. G. Martin. 2013. Translocation of 
imperiled species under changing climates. Annals of the 
New York Academy of Sciences 1286:15–28.

Seaton, P. T., H. Hu, H. Perner, and H. W. Pritchard. 2010. 
Ex situ conservation of orchids in a warming world. 
Botanical Review 76:193–203.

Seddon, P. J. 1999. Persistence without intervention: assessing 
success in wildlife reintroductions. Trends in Ecology and 
Evolution 14:503.

Seddon, P. J., D. P. Armstrong, and R. F. Maloney. 2007. 
Developing the science of reintroduction biology. Conservation 
Biology 21:303–312.

Seddon, P. J., A. Moehrenschlager, and J. Ewen. 2014. 
Reintroducing resurrected species: selecting DeExtinction 
candidates. Trends in Ecology and Evolution 29:140–147.

Short, J. 2009. The characteristics and success of vertebrate 
translocations within Australia. Department of Agriculture, 
Fisheries and Forestry, Canberra, Australia.

Singer, A., J. M. Travis, and K. Johst. 2012. Interspecific 
interactions affect species and community responses to 
climate shifts. Oikos 122:358–366.

Somers, M. J., J. A. Graf, M. Szykman, R. Slotow, and 
M. Gusset. 2008. Dynamics of a small re- introduced 
population of wild dogs over 25 years: allee effects and 
the implications of sociality for endangered species’ recovery. 
Oecologia 158:239–247.

Steiner, K. E., and V. B. Whitehead. 1996. The consequences 
of specialization for pollination in a rare South African shrub, 
Ixianthes retzioides (Scrophulariaceae). Plant Systematics and 
Evolution 201:131–138.

Taylor, G. S., and M. L. Moir. 2014. Further evidence 
of the coextinction threat for jumping plant- lice: three 
new Acizzia (Psyllidae) and Trioza (Triozidae) from 
Western Australia. Insect Systematics and Evolution 45: 
283–302.

Tenhumberg, B., A. J. Tyre, K. Shea, and H. P. Possingham. 
2004. Linking wild and captive populations to maximize 
species persistence: optimal translocation strategies. 
Conservation Biology 18:1304–1314.

Tylianakis, J. M., R. K. Didham, J. Bascompte, and D. A. 
Wardle. 2008. Global change and species interactions in 
terrestrial ecosystems. Ecology Letters 11:1351–1363.

Wang, G., X.-G. Liang, and F.-Z. Wang. 1999. The competitive 
dynamics of populations subject to an Allee effect. Ecological 
Modelling. 124:183–192.

Williams, C. E. 2011. From Shell Haven to Wiltshire: notes 
on the UK’s biggest mass reptile translocation. ARG Today 
9:2–4.

Wolf, C. M., B. Griffith, C. Reed, and S. A. Temple. 1996. 
Avian and mammalian translocations: update and reana-
lysis of 1987 survey data. Conservation Biology 10:1142– 
1154.

Zhou, S.-R., Y.-F. Liu, and G. Wang. 2005. The stability 
of predator–prey systems subject to the Allee effects. 
Theoretical Population Biology 67:23–31.

data aVaIlaBIlIty

Data associated with this paper have been deposited in Dryad: http://dx.doi.org/10.5061/dryad.bh215

http://www.australianwildlife.org/field-updates/2012/wildlife-matters-autumn-2012.aspx
http://www.australianwildlife.org/field-updates/2012/wildlife-matters-autumn-2012.aspx
http://www.australianwildlife.org/field-updates/2012/wildlife-matters-autumn-2012.aspx
http://www.australianwildlife.org/field-updates/2012/wildlife-matters-autumn-2012.aspx
http://www.australianwildlife.org/field-updates/2012/wildlife-matters-autumn-2012.aspx
http://www.australianwildlife.org/field-updates/2012/wildlife-matters-autumn-2012.aspx
http://dx.doi.org/10.5061/dryad.bh215

