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Resumengl os intentos por identificar los pronosticadores y los mecanismos del éxito de
invasion ]h debilitados por la poca calidad de los datos, principalmente porque el
monitoreUa inmediatamente después de los eventos de introduccién. Para superar este

tema, usalos dat@s a partir de las reubicaciones por conservacion de especies amenazadas de

aves. Anali s la informacién de mas de 1,200 eventos de reubicacion para mas de 150
especies y asi investigar como los atributos de las historias de vida afectan el
estableci la poblacién medido con base en tasas de supervivencia y reproduccion.

La posicion de las especies a lo largo del continuo de historias de vida lenta-rapida fue un
pronosticador importante para el éxito de la reubicacion. Las especies con historias de vida

rapidas tu a menor posibilidad de sobrevivir (tanto a corto como a mediano plazo) y
una mayor ilidad de reproducirse exitosamente que las especies con historias de vida
lentas. Lafdivision temporal del esfuerzo reproductivo (nimero de puestas por afo) también
afecto la idad del éxito de la reproduccion. Nuestros resultados ilustran cémo los
programas iatroduccion motivados por la conservacion pueden proporcionar sustitutos
para los efa iniciales del proceso de invasion, permitiendo pruebas empiricas a partir de
la teoria d ria de vida e informando a los administradores.
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Abstract

Attempts to identify predictors and mechanisms of invasion success have been weakened by
poor data ity, mostly because monitoring does not begin immediately after introduction
events. T this issue, we used data from conservation translocations of threatened
bird spc::ismnalyzed information on >1,200 translocation events of >150 bird species to
investigatedaowmdife-history traits affect population establishment measured based on rates of
survival an oduction. Species position along the slow-fast life-history continuum was a
key predi f lanslocation success. Species with fast-paced life histories were less likely
to survive@th short and mid-term) and more likely to breed successfully than species
with slow life histories . The temporal partitioning of reproductive effort (number of clutches
per year) ﬁted the probability of successful reproduction. Our results illustrate how

conservatvated reintroduction programs can provide proxies for the initial stages of

the invasi ss, enabling empirical tests of predictions from life-history theory and
informing mgment.

Introduclh
Much sciearch has been conducted to predict and explain the attributes of invasive

species th in successful invasion (e.g., Sol et al. 2012; Capellini et al. 2015; Allen et
al. 2017 h many correlates of invasion success have been identified, these analyses
are weake e poor quality of data available (Mack et al. 2000). First, many invasions
occurred | re detailed records were kept. Second, unsuccessful translocations are
unlikel ecorded, especially for unintentional movements of species. Presumably, most

translocated ind¥iduals die and never come to the attention of scientists. This bias
compromises attempts to compare successful and unsuccessful translocations. The lack of

detailed information on the early postcolonization history of invasive populations means
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researchers must characterise invasion success qualitatively (successful or unsuccessful) and

cannot partition determinants of that outcome into processes such as survival and

reproductio | & Maspons 2016).
To hose problems, one can use a data set different from the ones usually

conside-regfnvasion biology. Wildlife management authorities frequently conduct
intentionaldrangl@cations to reestablish threatened taxa in areas from which they have been
extirpatedgy extirpated (Ewen et al. 2012; Seddon et al. 2014). In some of these
programs, phases of population growth (or decline) have been carefully surveyed
(Sutherland et al'§2010; Lincoln Park Zoo 2012). This situation thus provides a proxy for
studying th ive initial stages of invasion, whereby a small number of individuals arrives
in a new ough invasion and intentional translocation have large differences (e.g.,
they involment species or different levels of adaptive mismatch in the new area, see

Discussi rocesses are similar because they involve the settlement of a few

individuals 1 w area. We used an extensive data set on conservation-motivated
translocations to explore the extent to which the survival and reproductive output of the
colonisersg linked to life-history traits. Such links are predicted by life-history theory
(Lewonti ather et al. 2004; Sol & Maspons 2016) and consistent with some
empirical a es of invader success (Sol et al. 2012; Capellini et al. 2015; Allen et al.
2017), bus;r analysis allowed a more nuanced exploration of the processes at work in a

populatwcated to a novel environment.

Demographic stochasticity is expected to increase the risk of extinction in small

U

populations & Wilcox 1980; Lande 1993). By allowing rapid population growth, a fast

life-histo y (high fecundity at the expense of a low survival) is expected to favor a

A

quick escape from the zone of high extinction risk (population-growth hypothesis [Lewontin

1965]). In contrast, the life-history-buffer hypothesis supposes species with a slow life-
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history strategy are less prone to stochastic fluctuations and thus are less sensitive to

demographic stochasticity (Sather et al. 2004). These 2 contrasting hypotheses involve

different je aphic mechanisms: increased breeding rate for the population-growth

hypothesiased survival for the life-history-buffer hypothesis. Considering the
N . . :

effects of Jife history on these specific demographic parameters, instead of on overall

establishnwess, allowed us to directly test these 2 hypotheses. If both hypotheses are

valid, we e d that translocated populations of a species with a fast life history would
exhibit hiwding success but lower survival than species with a slow life history.

In additiom to demographic stochasticity, environmental uncertainty may be another
cause of extinction after introduction because of the challenges imposed by the exploration
and collecﬁformation on a new environment (e.g., Lande 1993; Ovaskainen &

Meerson Mnder this scenario, an ability to spread reproductive output over time may

enhanc ive success and potentially survival via bet hedging (e.g., Frank & Slatkin

1990; Starrfe okko 2012; Sol & Maspons 2016). Species producing multiple clutches

per year shou

Methods Q
Translocat ata

We used tg Avian Reintroduction and Translocation database compiled by Lincoln Park Zoo

then have higher breeding success than single-clutching taxa.

(2012).wardized database contains data on release events collected from a wide
I
range of sources, including peer-reviewed and gray literature and collaborators and managers
4
of reintroduction projects. It contains information on 2,359 translocation events conducted
from 1903 to 2012 for 201 different species. Failure rates are high overall (Fischer &
|

Lindenmayer 2000), underlining the need to understand the mechanisms behind the response

of populations to translocation.
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We extracted information on all translocation events that included data on the number
of individuals released and the presence or absence of conspecifics in the reintroduction area.
We then extracted events for which at least 1 of the 5 following monitoring parameters was
provided: survival at 1 week, 1 month, or 1 year after release; whether breeding occurred;

I
and whether breeding was successful. Our final data set included 1,249 events for 157
different species. For each event, we extracted data on the number of individuals released,
whether conspecifics were present before the release, and the 5 parameters in which we were

' a)

interested. Potential effects of monitoring duration were tested (Supporting Information).
-
Life-history trai
We searciﬁird literature for data on life-history traits for each of the 157 species in our
reintrodu@set. We obtained body mass data from (Dunning 2007) and life-history

traits fi W Alive website (del Hoyo et al. 2017). We collected data on maximum

longevity, cl ize, age at first reproduction, and number of clutches per year to
characterize the slow-fast continuum of life histories, from species with delayed maturation
and long 1¥espans to early-maturing species with short lifespans, and the temporal

partitioni oductive events, from frequent small clutches to infrequent large clutches.

A measure ar to the latter (the brood value) has been shown to predict invasion success

in birds ‘& et al. 2012).

e
Analyses :
Using the P ction in the FactoMineR (L€ et al. 2008) R package, we first performed a
principﬁnt analysis (PCA) on body mass and the 4 life-history traits to reduce the
data set on life-history traits to a smaller number of independent dimensions. As expected,

this procedure generated axes characterizing the slow-fast life history continuum and the
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temporal partitioning of reproductive events. We then extracted the main components of this
PCA to use as descriptors of life-history strategy in our models. Data for all life-history traits
were availa r 75 species on which we could run the PCA.

W& generalized linear mixed models with Markov chain Monte Carlo
(MCME) ch_nkques with the R package MCMCglmm (Hadfield 2010). As response
variables, yge 1 ded either survival after 1 week, survival after 1 month, survival after 1
year, breegmpt, or breeding success. The first 2 principal components of the life-
history P ergincluded as fixed effects, as were the number of individuals introduced
(propagule pressare [Colautti et al. 2006]) and the presence or absence of conspecifics at the
release site inary variable). The 3 survival variables were fitted with a multinomial2
distributiﬁommended by Hadfield (2010) for proportions, and we used a categorical
distributim 2 binary variables (breeding attempt and breeding success, also following

Hadfie andom factors added in the models included phylogenetic position and

species ident] d biogeographic region (13 categories plus 1 category for species
occupying 2 or more regions) (Ducatez et al. 2014).

Welsampled 100 phylogenetic trees from BirdTree.org (2012) for the species in our
data set. S in our data set were selected based on data from the complete avian
phylogeny tz et al. 2012) and Ericson et al.’s (2006) phylogenetic backbone. (These

trees wereWised as different phylogenetic hypotheses for the evolutionary relatedness of the

th

species the reintroduction database. Each model described above was run 100

times with each of these different trees, and we averaged the parameters calculated over these

U

100 differen genies.

A

0 odels, the MCMC chains were run for 110,001 iterations with a burn-in
interval of 10,000 to ensure satisfactory convergence. We sampled 1000 iterations to estimate

parameters for each model. Autocorrelation levels among samples were <0.1 in all cases. We
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fixed the covariance structure and used weakly informative priors (improper prior with nu =

0.02) for the variance (Hadfield 2010). All explanatory variables were standardized to a mean

of 0 and a vagiance of 1.
In Ql set of analyses, we ran similar models but replaced the principal

componers with each life-history trait separately, building 1 model per life-history trait and

demograpm'neter, to explore the effects of specific traits on each demographic

parameter. itial analyses with the PCA axes were limited by the number of species for

which all isfory traits were available, but this second set of analyses allowed us to

S

increase the sample size because we could include all species for which information on the

U

trait of inter: s available, even when other data were not. We used the same methods as

described

N

assess the effects of each life-history trait on the survival and reproductive
outputs o@ated populations (i.e., same random and fixed covariates included, same
genetic uncertainty, same iterations and burn-in interval for the Monte-

included only a single life-history trait in each model both to limit

collinearity effects and because the combined effects of life-history traits were already
consideredfin models including the principal components.

Th, r of species and reintroduction events for each analysis varied according to
the availab1 data on life-history traits and postrelease demography. Sample sizes are in

Tables 1 afid 2. The data set is provided as Supporting Information.

h

{

Results

U

Releases of gamebirds were included in the database and were considered in our analyses

)

because their exclusion did not affect the conclusions (Supporting Information). We extracted
|
2 components with eigenvalues >1 from the PCA on life-history traits (Supporting

Information). The first component explained 51.16% and the second 21.17% of the total
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variance in life history. Body mass, maximum longevity, and age at first reproduction loaded

positively on the first axis, whereas clutch size and number of clutches per year loaded

negatively.

irst axis thus provided a measure of a species’ position on the slow-fast life-

history co utch size and number of clutches per year loaded on the second axis,

.. ‘ ) .
which segaegated species laying a few large clutches from species laying many smaller

clutches. Tlais nd axis thus depicted the spread of reproductive output across time;
species pro many small clutches had a lower PC2 value.
Th t BCA axis predicted survival after 1 week and 1 month (but not 1 year) and

breeding attemptiand breeding success (Table 1, Fig. 1). Species with slow life histories (high

PC1 scorﬁher survival, but were less likely to attempt breeding or to breed

successfu econd axis negatively predicted survival after 1 month, but none of the

other de"@ parameters. Individuals from species with more and smaller clutches had

a high ival 1 month after release. The number of individuals released (propagule

pressure) ha ative effect on survival after 1 week (but not on any of the other
parameters), and the presence of conspecifics at the release site increased survival after 1
week and §month, but did not significantly affect the other parameters (Table 1).
La@ied species had higher survival over the first week and the first month.
Species tha y reproduction until later in life were less likely to attempt to breed or to
breed successfully. Maximum longevity affected 4 out of the 5 parameters we considered.

Long-li had higher survival after 1 week and 1 month (but not after 1 year), but

{h

were less likely t@attempt breeding and were less successful at breeding. Clutch size was a

tl

predictor of rvival variables, whereby species that produced larger clutches had a

A

lower pro of survival. In contrast, clutch size was not significantly correlated with
either breeding attempt or breeding success. The number of clutches per year had a positive

effect on breeding success but not the other parameters (Table 2 & Supporting Information).
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Table 2 contains a summary of these results, and detailed results are in Supporting

Information.

T

DiscuSSiOQ

Our resﬂltsment direct effects of life-history traits on specific steps of population
establishmgnt. Tle slow-fast continuum of life histories played a key role, as predicted by
theory; t:Qslow life histories (i.e., large-bodied species with high longevity, late
mamratiowlutches) were more likely to survive but less likely to breed and thus had
less reproductivéjguccess (e.g., Supporting Information). In contrast, species with fast life

histories (&cies with short longevity, early maturation, large clutches) had lower

survival byityhi reproductive success. The invasion-biology literature has failed to draw

clear con@s to the importance of the life-history buffer and population growth

hypoth burn et al. 2009; Sol et al. 2012) in determining the fate of small

introduced ions. Most studies have focused on the success or failure of an introduction
rather than separating the effects of survival versus breeding. We found that the same life-
history pa!meters had contrasting effects on different steps of the settlement process
(especiall ival versus breeding success), reconciling the apparent contradiction

between the lation-growth and life-history-buffer hypotheses (Sol & Maspons 2016).

Th&temporal spread of reproduction (bet hedging) also affected breeding success,

h

n species with more clutches per year, but its effect disappeared in

{

which

analyses that alsglincluded the species’ position on the slow-fast life-history continuum.

B

Environmen ertainty thus seems less important than demographic stochasticity in

determint ate of a translocated population. This result accords with the literature on

A

invasion success (Sol et al. 2012; Sol & Maspons 2016), but may apply more to populations
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reintroduced to habitats of sufficient quality, as in the database we used, and less to invasive
populations, which may arrive in habitats of low quality (Sol & Maspons 2016).

Our ts have implications both for reintroduction programs and for invasion
biology. I introduction programs (e.g., Supporting Information), we suggest
manage:s gm priorities based on the life-history traits of the species being translocated.
For specieggwitigfast life histories, the greatest risk (high rates of mortality) might be
ameliorate ctics such as local control of predator abundance or provision of additional
food. For with slow life histories, in contrast, the greatest risk (inadequate
reproductive output) may be ameliorated by providing artificial nest boxes or other resources
for breedin e recommendations are additional to existing recommendations that focus
on factors habitat quality, fit with the species usual habitat, and removal of

threateninmses (e.g., predators on islands [IUCN 2013]). In short, the life-history traits

of a sp 11 as the local habitat and the nature of threatening processes, should be

considered w raming management tactics for reintroductions.

ur results also have implications for invasion biology. Depending on which step of
the introddiCtion process is involved, such as initial survival of colonists versus subsequent
reproducti t, the same life-history trait can have opposing effects on the likelihood
that the po on will persist and expand. Whether results from reintroduction biology can
be appliedWirectly to invasion biology remains an open question, but Blackburn and Cassey
(2004) woduced and reintroduced bird species are relatively similar in terms of life
history. Some pr;ictor traits will be more important in reintroductions than in invasions,
such as trait ing settlement in unfamiliar or unfavorable environments, which will
likely be vourable for invasive than for reintroduced species. However, future work

could usefully explore the large database on translocations to focus on the degree to which

our results remain valid for subsets of taxa in specific ecological circumstances.

10
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More generally, we have provided a detailed empirical perspective on one of the most
fundamental questions in ecology and evolutionary biology: what factors influence the fate of
a small gro individuals newly arrived in a site outside their range of. This situation is
central to ﬁpeciation (Mayr 1954; Templeton 1980) and is the initial stage for
natural-anMpogenically driven episodes of range expansion (Angert et al. 2011;
Chuang & Betegon 2016). With rapid changes in climate, many species are expanding their
ranges (HQ‘[ al. 2006), and the fate of such range expansions likely will depend on the
life-histo e identified.

uture k could usefully explore the contrasting roles of survival and breeding
success in nlng the viability of translocated populations. Population-dynamics models
could clar iinteractions between these 2 demographic traits and reveal ways for
managers mise overall population viability or to effectively extirpate small invasive

populati 1d also be of interest to incorporate additional parameters (e.g., long-term

survival) int analyses and attempt to tease apart direct from indirect effects. For
example, we found that rates of survival after 1 week and 1 month were higher at sites that
already cc!tained conspecifics, presumably because such sites had high-quality habitat (i.e.,
were a be\Qonmental match) or because of anchoring effects (lower postrelease

an

dispersal ociated mortality) for the species in question. Similarly, a nonintuitive result
from our ses (the number of individuals introduced had a negative effect on survival
after 1 My was a consequence of a bias in management effort. If managers predict
high early morta!iy, they release large numbers of colonists in an attempt to counter that risk
(Supportin ation), which causes this negative association between survival and
number 0O ed individuals. Thus, that negative relationship between propagule pressure

and early survival is likely an artefact, rather than a challenge to the general importance of

propagule numbers as a positive influence on invasion success (Blackburn et al. 2015). The

11
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translocations database provides other opportunities. For example, one could explore

predictors other than life-history traits (including characteristics related to ecology, behavior,

I

genetics; re:’ﬁuction event characteristics, cf. [IUCN [2013] guideline for reintroduction)

to test oth ms of response to introduction (e.g., cognitive buffer [Sol & Maspons
2016]).-\/1Smd1y, empirical results from wildlife management can illuminate

fundamentah quigtions in population biology, which in turn can facilitate conservation and
invasive-spontrol.
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Table 1. Effect of life history on demographic parameters of bird species after release events

for transloCation.

ot

p

Respong _! Explanatory MCMC Events Species
e variable Pm* Inf°  Sup ¢ d ¢
variable O
1-week ‘:% , number of -0.31 -0.54 -0.09 0.006* 406 58
individuals
released
survival presence of 0.45 0.07 0.84 0.021*
conspecifics
pCl* 1.14 024 2.03 0.016*
PC2’ 0.57  -1.32 0.17 0.129
¥ phylogeny 242 0.00 8.40 -
& species 3.38 0.26  6.55 -
biogeographic 2.85 0.00 11.57 -
region
I-month fi number of 0.03 -0.16 0.23 0.725 391 54
individuals
released
survival presence of 0.33 0.02  0.66 0.041%*
s conspecifics
PC1 1.09 044 1.75 0.002*
PC2 -0.63 -1.15  -0.11 0.022*
@ phylogeny 0.82 0.00 3.24 -
m
species 1.80 0.11  3.53 -
biogeographic 4.83 0.00  20.00 -
region
W number of 0.11  -0.31 0.08 0254 330 46
individuals
s released
survival presence of 0.09 -0.21 0.38 0.572
conspecifics
PC1 0.33 -0.39 1.03 0.349
PC2 -0.45 -1.02  0.12 0.121
rando phylogeny 2.02 0.00 4.32 -
m
species 0.90 0.00 2.27 -
biogeographic 1.66 0.00 6.42 -
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region

Breedin fixed number of 3.34 -13.36 19.86 0.593 587 67
g individuals
H released
attempt presence of -10.27  -26.22 3.91 0.144
Qconspeciﬁcs
1 -69.58 - -22.25  0.002%*
p— (1)17.0
LPC2 -2.47 -36.37 30.11 0.886
@phylogeny 4856.84 0.00 22833.0 -
2
species 8547.32 033 201264 -
4
wbiogeographic 1253.08 0.00 5396.12 -
region
Breedin ﬁerSnumberof 5.61 -11.34 23.06 0.440 579 66
g individuals
released
Cpresence of 3.80 -10.57 18.98 0.595
success conspecifics
PC1 -79.79 - -24.77  0.001*
m 134.7
2
PC2 -6.37 -45.14 31.11 0.758
phylogeny 3236.41 0.00 19315.0 -
;E 4
species 12758.4 125.0 28032.3 -
8 4 7
biogeographic 2804.61 0.00 12563.7 -
region 2

*Posterior m

°Lower @

¢ Signi

4Total

“Total nu

The PC1 THET

higher

the expense of the number of eggs produced per clutch have a lower PC2 value) (asterisk,

O

ficafiice o

§

number ofgelease events included in the analysis.

{

PC1 value); PC2, spread of reproduction effort over time (species spreading effort at

pper (sup) bounds of the 95% CI.

8f€ifferent species included in the analyses.

arkov chain Monte Carlo. Asterisk, significant principal component value.

are principal components of a PCA on 5 life-history traits detailed in Fig.

significant PC value).
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Table 2. Summarized effects” of each life-history predictor on 5 demographic parameters.

{

p

%

Response e-history predictor Pm® Inf®  Sup® MCMC! Events® Species’

Variabf Se——

1-week su@body mass 1.55 0.16 2.93 0.011* 601 99
I-month

surviva body mass 1.37 0.29 2.45 0.004* 631 96

S

1-year su body mass -0.11 -0.40 0.18 0.470 550 90

U

Breeding -
attempt body mass -2.65 14.61 8.08 0.663 837 124

Breeding

dll

Success body mass -2.93 15.32 8.07 0.624 817 122

age at first

I-wee reproduction 0.44 -0.13 1.01 0.135 540 83
I-month s age at first

survivOreproduction 0.25 -0.46 0.96 0.478 567 80
age at first

I-year sur@ival  reproduction 0.10 -0.35 0.55 0.651 516 71

Breedi

th

age at first -

attempt reproduction -36.70  68.24 -6.89 0.002* 756 102

U

Breeding age at first -
succ reproduction -51.95 93.15 -10.42 0.001* 739 100
I-week survival longevity 0.70 0.04 1.38 0.041* 518 73
1-month longevity 1.24 0.68 1.82 0.001* 537 68
18
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survival

1-year survival longevity 0.22 -0.26  0.70 0.372 448 60
Breeding H

attempt longevity -41.48 -74.78  -9.61 0.001* 722 86
Breeding

succes§ll I longevity -41.63 -74.15  -9.13 0.001* 713 86

[

1-week survi clutch size -0.65 -1.07 -0.25 0.003* 616 106

1-month O

survival clutch size -0.69 -1.05 -0.34 0.001* 641 101
1-year survivmclutch size -0.54 -0.92 -0.15 0.008* 559 95
Breeding

Attempt iclutch size 3.18 -14.19 2093 0.533 863 134
Breeding

success ! clutch size 4.70 -21.76  31.80 0.623 843 132
1-week survival no. clutches/year -0.36 -0.97 0.26 0.253 522 86
1-month m

surviv no. clutches/year -0.19 -0.71 0.34 0.486 550 82

1-year surviva no. clutches/year -0.21 -0.65 0.23 0.354 481 76
Breeding

attempt no. clutches/year 12.93 -3.52 3354 0.099 765 112
Breeding !

success no. clutches/year 28.34 1.92 60.73 0.018* 753 111

*These effectsg ed from PGLMM including other fixed and random covariables not shown here (see Supporting

Information fo iled results).
®Posterior mel

‘Lower (iWup) bounds of the 95% CL.

¢ Significanc chain Monte Carlo. Asterisk, significant principal component value.
“Total numbe events included in the analysis.
fTotal number of di t species included in the analyses.
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Figure 1. Association between PC1 and (a) first week and (b) month survival, (c) breeding
attemptMeeding success in reintroduced birds in different reintroduction events of a
given sperst axis in the principle component analysis on 5 life-history traits;
curves,He SIS FMincar regressions on mean species values drawn for illustrative purposes).
Body mass, um longevity, clutch size, age at first reproduction, and number of
clutches p PC1) segregate species with a fast life history (fast reproduction but low
longevitymecies with a slow life history (long-lived species with slow reproduction).

Models inmhylogeny, biogeographic region, and species as random factors and
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