
investment (22) explained the variation in re-
sponse to social information (table S2). Neither
did variation in neighbor attributes such as age,
clutch size, or nesting stage explain differences
in focal response (table S2). When we consid-
ered only focal birds where we were certain
whether they had observed their neighbor mob-
bing, there was also no relationship between at-
tendance at the neighbor’s nest and how likely
they were to mob cuckoos back at their own nest
(29 attended versus 8 not attended; generalized
LMM, effect size = 0.43 T 0.90, PMCMC = 0.67).

Although we cannot yet explain it, this vari-
ation in the host’s response to social information
has important consequences. Social learning can
be effective as long as there are sufficient dem-
onstrators, which allows a population to change
rapidly as information spreads. But spatial het-
erogeneity in host propensity to respond or learn,
and in the local frequency of cuckoos and spar-
rowhawks, will all influence host and cuckoo
success. Recently, spatial heterogeneity of tar-
gets and searchers has been shown to influence
selection (23) and to facilitate the evolution of
polymorphisms (24, 25). However, the possible
ways in which information might spread among
searchers remains unexplored, as does its role
in the evolution of polymorphisms and mimetic
defenses. Our results show that the success of
both cuckoo morphs will depend not only on
their relative frequency, but also on the hosts’
information landscape (26).
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Unraveling the Life History of
Successful Invaders
Daniel Sol,1,2* Joan Maspons,1 Miquel Vall-llosera,1 Ignasi Bartomeus,1,3

Gabriel E. García-Peña,1 Josep Piñol,1,4 Robert P. Freckleton5

Despite considerable current interest in biological invasions, the common life-history characteristics
of successful invaders remain elusive. The widely held hypothesis that successful invaders have
high reproductive rates has received little empirical support; however, alternative possibilities are
seldom considered. Combining a global comparative analysis of avian introductions (>2700 events)
with demographic models and phylogenetic comparative methods, we show that although rapid
population growth may be advantageous during invasions under certain circumstances, more generally
successful invaders are characterized by life-history strategies in which they give priority to
future rather than current reproduction. High future breeding expectations reduce the costs of
reproductive failure under uncertain conditions and increase opportunities to explore the
environment and respond to novel ecological pressures.

Concern over the impact of invasive species
on biodiversity and ecosystem function-
ing has generated interest in understand-

ingwhat makes a successful invader (1). Although
there is evidence that species differ in their in-
vasion potential, controversy exists regarding
the features that differentiate successful and un-

successful invaders (2–4). Life history—defined
as the way organisms allocate time and energy to
reproduction, growth and survival (5, 6)—has
long been at the core of the controversy. It is gen-
erally agreed that extinction of introduced pop-
ulations may result from either demographic
stochasticity associated with small population

Fig. 3. Change in mobbing response (mandible snaps and rasp calls) of focal birds (one nest per
horizontal line) from their baseline (black dot) until after they observed their neighbors (black X)
mobbing either (A) gray cuckoo morph, Cg, or (B) rufous cuckoo morph, Cr. These data are only
pairs’ responses to the same cuckoo morph they observed their neighbor mobbing (n = 26 each).
Our measure of mobbing was conservative; any mobbing response < 20 (vertical dashed line) was
treated as no response (6).
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size or negative population growth due to failure
to respond to novel environmental pressures (2).
Yet how life-history characteristics affect these
extinction risks is less clear. Classical theory
predicts that prioritizing the reproductive effort
confers advantages during invasions by allowing
the population to grow faster and hence to reduce
the period that it will be threatened by demo-
graphic stochasticity (7, 8). Nevertheless, priori-
tizing future over current reproduction may also
confer benefits through a long life span and iter-
ated reproduction, which make the introduced
population less vulnerable to stochastic fluctu-
ations and better able to cope with the difficulties
posed by the novel environment (9–12). Despite
being rooted in robust theoretical arguments,
confidence in each hypothesis is undermined by
a perceived lack of empirical support (3, 4).

To elucidate the importance of life histories
on invasion success, we tested these two hypothe-
ses with a global comparative analysis of past
avian introductions. Birds are particularly suited
for such analyses because accurate information is
available for many introduction events, and life-
history variation is well documented (13). We
assembled information on 2760 introduction
events, comprising 428 species from 49 families,

47% of which were successful. The probability
of establishment was modeled as a function of
the species life-history traits (14) with a general-
ized linear mixed-model (GLMM) framework,
which controls for the nonrandom distribution of
species across locations and nonindependence
resulting from species being introduced to several
locations and locations being subject to several
introductions (15). Results were further supported
with demographic models and species-level phy-
logenetic least-squares models (PGLS).

Our analyses yield little empirical support
for the population growth hypothesis. Of the
traits previously used as surrogates of population
growth, only clutch size is associated with es-
tablishment success, when one controls for both
taxonomic and regional effects (table S1). Con-
trary to the hypothesis, however, species that
lay larger clutches are worse (not better) in-
vaders (GLMM: P = 0.002) (Fig. 1A). We also
tested for a direct relation between establish-
ment success and maximum population growth
rate (Rmax), estimated by solving Cole’s equation
(16) and with demographic models (15). We
found no significant association (GLMM: P >
0.113 in all cases) (table S1), which similarly
failed to support the hypothesis. The likelihood
of establishment increases with the number of
individuals introduced (17), yet adding propagule
size into the model does not change any of the
above conclusions (table S1).

The failure to find any effect of population
growth on establishment success may reflect two
shortcomings of the theory. The first is the as-
sumption that demographic stochasticity is a
major cause of extinction of introduced popula-
tions. Models and empirical analyses indicate that

the curve relating propagule size to establishment
success typically has a threshold above which
releasing more individuals does not substantial-
ly increase establishment success (16). In birds,
the estimated threshold is over 300 individuals
(Fig. 2A), which implies that >20% of introduc-
tions may be beyond the influence of stochasticity.
As we restrict the analyses to those introduc-
tions that involve a lower propagule size, the ef-
fect of Rmax on establishment success increases
(Fig. 2B). Even when the effect continues to be
nonsignificant in all cases, this pattern suggests
that growing fast is most relevant when propa-
gule size is extremely small (18). A simple sto-
chastic demographic model illustrates this point
(15). On the basis of simulated trajectories during
100 years for 5000 introduced populations, we
estimated the probability of establishment as a
function of the initial propagule size for different
population growth rates. The simulations reveal
that high population growth rates allow the in-
vader to avoid demographic stochasticity (Fig.
2C), as predicted by theory (19), but the effect
is only noticeable when the number of individ-
uals released is remarkably low (18).

The second shortcoming of the hypothesis
is that it ignores that a high reproductive effort
entails costs in terms of reduced survival. The
resulting trade off defines a “fast-slow” axis of
life-history variation from “highly reproductive
species” (fast-lived) at one end to “survivor spe-
cies” (slow-lived) at the other end (20). Although
a fast-lived species can recover more rapidly from
a small population size (fig. S1B), demographic
models show that this advantage may be in part
countered by an increased risk of extinction
through population fluctuations resulting from

1Center for Ecological Research and Forestry Applications
(CREAF), 08193 Cerdanyola del Vallès, Spain. 2Center for
Advanced Studies of Blanes (CEAB), Spanish National Research
Council (CSIC), 08193Cerdanyola del Vallès, Spain. 3Rutgers,
The State University of New Jersey, New Brunswick, NJ 08901,
USA. 4Autonomous University of Barcelona (UAB), 08193
Cerdanyola del Vallès, Spain. 5Department of Animal and Plant
Sciences, University of Sheffield, Sheffield S10 2TN, UK.

*To whom correspondence should be addressed. E-mail:
d.sol@creaf.uab.cat

Fig. 1. (A to F) Species invasion
potential as a function of life-
history traits. The invasion poten-
tial is the randomeffect coefficients
obtained from a GLMM controlling
for taxonomy, country, and intro-
duction effort. The P values come
from a PGLS that validates the
effect of each variable on the in-
vasion potential.
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demographic stochasticity (Fig. 2D) (11). A crit-
ical issue is therefore whether introduced species
can maintain high reproductive rates in environ-
ments to which they have had little opportunity
to adapt. Theory predicts that fast-lived species
should generally experience greater difficulties
in novel environments than slow-lived ones, as
they are less likely to have adaptations that buf-
fer individuals from extrinsic factors (8, 21). Body
size and brain volume have been suggested to be
such adaptations (2, 13). Although our analyses
yield little general support for body size, they
confirm previous findings that a large brain rel-
ative to body size promotes establishment (Fig. 1,
C and E; Table 1; and table S2) (22). A large
brain is thought to assist animals in novel en-
vironments by enhancing their ability to con-
struct behavioral responses to novel ecological
challenges (23). When relative brain size is in-
cluded in the models, the fast-slow continuum ap-
proaches significance in the direction predicted
by the population growth hypothesis (GLMM:
P = 0.065), and the effect of clutch size on es-
tablishment success becomes nonsignificant (P =
0.177) (table S1).

Our results do not invalidate the “population
growth” hypothesis but suggest that growing fast
will only be advantageous in very special cases,
when the founder population is small and when
the ecological pressures posed by the new en-

vironment are moderate (e.g., when there is en-
vironmental matching between the regions of
origin and introduction). It is nonetheless possi-
ble that reproductive effort exerts greater influ-
ence on establishment success in organisms with
more limited capacity than birds to explore the
environment and to develop behavioral responses
to novel challenges.

As an alternative to the population growth
hypothesis, we ask whether successful invaders
are better characterized by life-history strategies
that prioritize future over current reproduction.
Such a strategy relies on distributing reproductive
effort across a number of events. This may have

two major consequences under the uncertainties
of a novel environment. First, it reduces the fit-
ness costs of a reproductive failure by spreading
the risk over several reproductive events (10).
Second, it allows delaying or skipping repro-
duction and engaging in reproductive activ-
ities only when conditions are favorable (9, 24).
These consequences are not well described by the
fast-slow continuum, as even relatively short-
lived species may reduce the cost of losing a
clutch by reproducing several times in the same
season. A more general metric is provided by
the brood value concept (25), which is expressed
as log10{1/[(broods per year) × (reproductive
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Fig. 2. (A) Relation be-
tween establishment success
and propagule size based on
historical introductions. (Inset)
Zoomon the interval of lowest
propagule size. The curve has
been fitted with the function
“nls” fromthe “MASS”Rpack-
age. (B) Effect size (T stan-
dard error) of the relation
between establishment suc-
cess and population growth
rate when the analysis is re-
stricted to introductions of,
respectively, <5, 10, 25, 50,
100, and 300 individuals and
when considering all intro-
ductions. (C) Probabilities of
establishment as a function
of propagule size for differ-
ent finite population growth
rates (lambdas), derived from
5000 populations simulated
over 100 years with a sto-
chastic demographic model.
(D) Probabilities of estab-
lishment derived from the
samemodel as a function of
the fast-slow continuum.

Table 1. Fixed-effect and random-effect parameters in the best-ranked model accounting for variation in
establishment success. The model is based on 635 introductions and is the result of an automated model
selection procedure including all combinations of life-history traits and confounding variables. SE, stan-
dard error; SD, standard deviation

Fixed effects Estimate SE z P

Brood value –2.078 0.771 –2.69 0.0071
Propagule size 0.452 0.062 7.28 <0.0001
Relative brain size 0.535 0.204 2.62 0.0092
Habitat generalism 0.750 0.199 3.77 <0.0001

Random effects Variance SD Likelihood ratio test P
Species 1.784 1.335 39.69 <0.0001
Country 2.989 1.729 34.83 <0.0001
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life span)]}. A high brood value means that all
reproductive effort is allocated into a few repro-
ductive events and, hence, that each brood has
high fitness value, whereas a low brood value
means that the effort is distributed into many
attempts, whether in a same season or in dif-
ferent ones. Variation in brood value is poorly
correlated with the fast-slow continuum and
Rmax (fig. S1, C and D), which shows that it
represents a somewhat different life-history axis
(figs. S2 and S4).

As predicted, species with low brood values
show a higher probability of establishment than
those with a high brood value (GLMM: –2.313 T
0.520, z = –4.44, P < 0.0001, n = 1943 introduc-
tion events) (Fig. 1D). The association holds
when removing outliers (P < 0.0001) and when
considering other factors that may also enhance
establishment, such as high propagule size, large
brains, climate matching, habitat generalism, and
introduction on an island (Table 1 and tables S2
and S3). However, there is no single strategy to
be a successful invader (Fig. 3). Indeed, either
species that combine several broods per year with
a relatively short life span or those that lay a sin-
gle clutch per year but have a very long life span
are significantly more successful than species
with high brood values (table S4). This may ex-
plain why phylogenetically closely related spe-
cies often exhibit striking differences in invasion
potential (fig. S6).

The observation that a strategy based on fu-
ture reproductive returns facilitates invasion suc-
cess integrates a variety of theories, including
bet-hedging (10), life history–buffering (11, 26)
and cognitive-buffer (23) theories, which con-
ceptualize life histories as evolutionary solutions
to environmental uncertainties. For an invader,
unfamiliarity and insufficient adaptation to re-
sources, enemies, and other hazards are likely
to increase the risk of reproductive failure (27).
Consequently, the inability to spread the risk
over several breeding attempts and/or to delay
reproduction if conditions are unfavorable may
have important costs. By adopting a future-returns
strategy, however, individuals not only reduce
these costs but also increase the opportunities
for acquiring environmental information and,
through behavioral adjustments, improve perform-
ance on exploiting the resources and avoiding
the enemies.

Our results yield firm evidence for the long-
standing, yet poorly supported, suggestion that
life history does influence invasion success. How-
ever, the mechanisms seem to be complex and
different from those generally considered in the
invasion literature, which may explain the past
difficulties in disentangling the life history of
successful invaders. Although our results do not
preclude that a high reproductive effort may
offer advantages during the invasion process,
they highlight that, in terms of being a suc-

cessful invader, it can pay to have life-history
strategies that increase the value of adults over
the value of offspring even at the cost of re-
duced reproduction.

References and Notes
1. R. N. Mack et al., Ecol. Appl. 10, 689 (2000).
2. D. Sol, in Biological Invasions, W. Nentwig, Ed.

(Springer, Heidelberg, 2007), pp. 127–141.
3. C. S. Kolar, D. M. Lodge, Trends Ecol. Evol. 16, 199

(2001).
4. T. M. Blackburn, P. Cassey, J. L. Lockwood, Glob. Change

Biol. 15, 2852 (2009).
5. R. E. Ricklefs, M. Wikelski, Trends Ecol. Evol. 17, 462

(2002).
6. S. C. Stearns, The Evolution of Life Histories (Oxford Univ.

Press, Oxford, 1992).
7. R. C. Lewontin, in The Genetic of Colonizing Ability,

H. G. Baker, G. L. Stebbins, Eds. (Academic Press,
New York, 1965), pp. 79–94.

8. S. L. Pimm, The Balance of Nature? (Univ. of Chicago
Press, Chicago, 1991).

9. G. C. Williams, Adaptation and Natural Selection
(Princeton Univ. Press, Princeton, NJ, 1966).

10. S. C. Stearns, Naturwissenschaften 87, 476
(2000).

11. B.-E. Sæther et al., Am. Nat. 164, 793 (2004).
12. W. F. Morris et al., Ecology 89, 19 (2008).
13. T. M. Blackburn, J. L. Lockwood, P. Cassey, Avian

Invasions: The Ecology and Evolution of Exotic Birds
(Oxford Univ., Oxford, 2009).

14. Life-history traits used here are age at first breeding,
clutch size, fecundity, egg mass, incubation period,
fledgling period, reproductive life span, developmental
mode, and adult survival.

15. Materials and methods are available as supplementary
materials on Science Online.

16. L. C. Cole, Q. Rev. Biol. 29, 103 (1954).
17. J. L. Lockwood, P. Cassey, T. M. Blackburn, Trends Ecol.

Evol. 20, 223 (2005).
18. F. S. Grevstad, Ecol. Appl. 9, 1439 (1999).
19. E. C. Pielou, An Introduction to Mathematical Ecology

(Wiley, New York, 1969).
20. B.-E. Sæther, Ø. Bakke, Ecology 81, 642 (2000).
21. J. H. Brown, R. M. Sibly, Proc. Natl. Acad. Sci. U.S.A. 103,

17595 (2006).
22. D. Sol, R. P. Duncan, T. M. Blackburn, P. Cassey,

L. Lefebvre, Proc. Natl. Acad. Sci. U.S.A. 102, 5460
(2005).

23. D. Sol, Biol. Lett. 5, 130 (2009).
24. S. Cubaynes, P. F. Doherty Jr., E. A. Schreiber,

O. Gimenez, Biol. Lett. 7, 303 (2011).
25. V. Bókony et al., Am. Nat. 173, 589 (2009).
26. J. Forcada, P. N. Trathan, E. J. Murphy, Glob. Change

Biol. 14, 2473 (2008).
27. P. J. Yeh, T. D. Price, Am. Nat. 164, 531 (2004).

Acknowledgments: This research was supported by funds
from the Spanish government (CGL2010-1838, 'MONTES'
CSD2008-00040, BES-2011-043668), from the Mexican
government (CONACyT-121695) and the Royal Society of
London. We thank T. Price, V. Bókony, E. Marks, S. Vignieri,
and referees for help with revising the manuscript; A. Liker
and K. Davis for facilitating data; L. Lefebvre, T. Székely,
and T. Blackburn for discussions; and the R-team for the R
free software.

Supplementary Materials
www.sciencemag.org/cgi/content/full/337/6094/580/DC1
Materials and Methods
Figs. S1 to S8
Tables S1 to S4
References (28–52)
Database 1

6 March 2012; accepted 12 June 2012
10.1126/science.1221523

23 > 23

1.5

12.8 > 12.8

> 1.5

9 > 9

7.8 > 7.8 7.5 > 7.5 31.9 > 31.9

19.9 > 19.9

1 > 1

2.5 > 2.5

Lifespan

Broods

Broods Broods

Lifespan LifespanLifespan

Lifespan Lifespan Lifespan

-2
.2

-1
.6

-1
.0

B
ro

od
 v

al
ue

-2
0

2

In
va

si
on

 p
ot

en
tia

l

S1           S2          S3          S4           S5          S6          S7          S8           S9          S10        S11

15
13 11

16 8
14

21
30

9
20

16

S1           S2          S3          S4           S5          S6          S7          S8           S9          S10        S11

Cluster 1 Cluster 2 Cluster 3

Fig. 3. Tree regression describing brood value as a function of the number of broods per year (gray
dots) and maximum life span (in years, black dots). The graphs in the bottom show the median and
percentiles of the brood value and invasion potential for each strategy (from S1 to S11). Differ-
ences in brood value between strategies are all significant at P < 0.05 except for the pairs S4-S7,
S5-S10, and S9-S10.

www.sciencemag.org SCIENCE VOL 337 3 AUGUST 2012 583

REPORTS



DOI: 10.1126/science.1221523
, 580 (2012);337 Science

 et al.Daniel Sol
Unraveling the Life History of Successful Invaders

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): April 16, 2015 www.sciencemag.org (this information is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/337/6094/580.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

http://www.sciencemag.org/content/suppl/2012/08/01/337.6094.580.DC1.html 
can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/337/6094/580.full.html#ref-list-1
, 6 of which can be accessed free:cites 34 articlesThis article 

 http://www.sciencemag.org/content/337/6094/580.full.html#related-urls
5 articles hosted by HighWire Press; see:cited by This article has been 

 http://www.sciencemag.org/cgi/collection/ecology
Ecology

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2012 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

A
pr

il 
16

, 2
01

5
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/1119310197/Top1/AAAS/PDF-Bio-Techne.com-Admarc-1714222/Bio-techne-Extended-PDF.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/337/6094/580.full.html
http://www.sciencemag.org/content/suppl/2012/08/01/337.6094.580.DC1.html 
http://www.sciencemag.org/content/337/6094/580.full.html#ref-list-1
http://www.sciencemag.org/content/337/6094/580.full.html#related-urls
http://www.sciencemag.org/cgi/collection/ecology
http://www.sciencemag.org/

