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Abstract

Augmenting small and isolated populations with immigrants from elsewhere is a
potentially powerful, yet controversial management tool. The goal of this approach
was to increase population sizes via demographic and/or genetic rescue, but augmen-
tation can also have the unintended consequence of breaking down local adaptation
and reducing population fitness through outbreeding depression. In theory, outbreed-
ing depression is more likely the more divergent immigrants are from the recipient
population. Managers should therefore choose immigrant populations that are as adap-
tively and genetically similar as possible. However, for species of conservation con-
cern, divergent source populations are often the only option. A crucial question that
remains in applied conservation is whether the positive effects of augmentation with
divergent immigrants will outweigh the potential risks of outbreeding depression.
Here, we evaluate the demographic effects of augmenting small, inbred laboratory
populations of Trinidadian guppies with two different types of immigrants: (1) adap-
tively divergent but genetically similar or (2) adaptively similar but genetically diver-
gent, and compare them against the demography of control populations with no
immigration. After 1–2 generations, we found that adult abundance remained constant
or slightly declined over the duration of the experiment in the control populations. In
contrast, adult recruitment and total abundance increased in augmented populations.
Furthermore, treatments that received immigrants from the adaptively similar but
genetically divergent population attained overall larger population sizes than those
that received immigrants from the adaptively divergent but genetically similar popula-
tion. Although our experimental design could not parse out the effects of demographic
and genetic rescue, our results do suggest that augmentation can be better than no
action, even in situations where only divergent immigrant sources are available.

Introduction

One of the most controversial issues in conservation biology
is whether small populations should be supplemented with
immigrants from larger populations as a means of increasing
population fitness (Hedrick, 1995; Mills & Allendorf, 1996;
Ingvarsson, 2001; Tallmon, Luikart & Waples, 2004; Frank-
ham et al., 2011; Weeks et al., 2011; Whiteley et al., 2015),
a strategy known as augmentation. The controversy stems
from uncertainty about whether this management practice
will have the desired effect, as well as historical reluctance
to actively move individuals from one population to another
out of fear of ‘diluting’ local gene pools (Storfer, 1999; Tall-
mon et al., 2004; Frankham, 2010). According to theory,
augmenting populations could have both positive and nega-
tive effects on population fitness due to demographic and/or

genetic factors. From a demographic perspective, augmenta-
tion can increase population fitness by adding more individu-
als to the population (analogous to births), which decreases
demographic stochasticity in a process termed ‘demographic
rescue’ (Brown & Kodric-Brown, 1977). However, augmen-
tation can also unintentionally introduce disease, potentially
decreasing population fitness (Daszak, Cunningham & Hyatt,
2000). From a genetic perspective, augmentation often results
in gene flow that can alleviate inbreeding depression and
increase adaptive genetic variation in small populations,
thereby increasing population fitness via ‘genetic rescue’
(Thrall et al., 1998; Tallmon et al., 2004). Alternatively, if
groups of immigrant and recipient genes are no longer com-
patible with one another, augmentation can break apart coad-
apted gene complexes, reducing population fitness (Mayr,
1963; Edmands, 1999, 2007; Storfer, 1999; Lenormand,
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2002; Edmands & Timmerman, 2003; Frankham et al.,
2011). This uncertainty about the potential outcome of aug-
menting small populations is a conservation conundrum and
puts wildlife managers in a difficult situation. In many cases,
managers choose not to augment out of concerns about the
potential negative effects (Frankham, 2010; Frankham et al.,
2011).

If managers plan on augmenting a small population, they
should ideally use individuals from a similar population to
minimize the risk of outbreeding depression. However, for
many species of conservation concern, a similar population
may not exist because declining populations are often iso-
lated from the rest of the species range and are locally
adapted to different environments (e.g. Westemeier et al.,
1998; Hogg et al., 2006; Johnson et al., 2010). Theory pre-
dicts that outbreeding depression is more likely as adaptive
divergence between immigrants and the recipient population
increases (Storfer, 1999; Edmands & Timmerman, 2003;
Frankham et al., 2011) and as the length of time since last
gene flow increases (Bateson, 1909; Dobzhansky, 1937;
Muller, 1940; Lynch, 1991; Edmands, 1999, 2002; Edmands
& Timmerman, 2003). Augmentation with adaptively and
genetically similar immigrants is beneficial in the vast major-
ity of cases (Frankham, 2015; Whiteley et al., 2015). How-
ever, augmentation with divergent immigrants has received
relatively little attention in the literature, and the handful of
studies that have explored this issue have yielded mixed
results. For example, some studies have found negative
effects of augmentation with adaptively divergent (Lacy,
1998; Edmands, 1999, 2002; Fenster & Galloway, 2000;
Lee, 2000) or genetically divergent individuals (Hwang
et al., 2011; Pekkala et al., 2012). Other studies, however,
have found positive effects of augmentation with phenotypi-
cally divergent individuals (Willi et al., 2007), individuals
from moderately different environments (Johnson et al.,
2010) or individuals from populations that are divergent at
neutral loci (Hogg et al., 2006; Bossuyt, 2007; Willi et al.,
2007; Tortajada, Carmona & Serra, 2010). Thus, two criti-
cally important and unresolved questions are as follows: (1)
Does adding divergent immigrants increase or decrease the
fitness of small populations? (2) If only divergent immigrant
sources are available, is it better to choose populations that
are adaptively divergent but genetically similar or adaptively
similar but genetically divergent?

Trinidadian guppies Poecilia reticulata are small, live-
bearing freshwater fish and they are ideal for addressing
these questions for several reasons. First, adaptive divergence
between guppy populations in ‘low predation’ (LP) and
‘high predation’ (HP) environments is well characterized
from decades of evolutionary research in this system (Hask-
ins et al., 1961; Seghers, 1974; Reznick & Endler, 1982;
Magurran, 2005), and can thus be treated as a predictor vari-
able in factorial experiments. HP guppies are found in large,
low-elevation streams with diverse communities of piscivo-
rous fish, including a major guppy predator, the pike cichlid
Crenicichla spp. (Reznick & Endler, 1982; Magurran, 2005).
In contrast, LP guppies inhabit small, high-elevation headwa-
ter streams and coexist only with a killifish Rivulus hartii, a

gape-limited predator of juvenile and small-sized guppies.
LP and HP guppies differ predictably across a suite of life
history (Reznick, 1982; Reznick & Endler, 1982), morpho-
logical (Haskins et al., 1961), color (Endler, 1983) and
behavioral (Seghers, 1974; Houde & Endler, 1990) traits,
which increase individual fitness in the respective environ-
ments and strongly suggest a repeated pattern of local adap-
tation. Second, LP populations are typically highly isolated
(with low genetic variation and a high degree of inbreeding)
and upstream immigration is rare due to the presence of
downstream barrier waterfalls (Barson, Cable & Van Ooster-
hout, 2009; Suk & Neff, 2009; Willing et al., 2010). This
makes LP guppies an excellent model for small populations
of conservation concern (van Oosterhout et al., 2007).
Lastly, guppies have short generation times (3–4 generations/
year; Magurran, 2005) and can be reared in the laboratory
(Reznick & Endler, 1982; Torres-Dowdall et al., 2012),
making it possible to rapidly test the effects of population
augmentation across generations.

We used a replicated factorial experiment in the laboratory
to test whether augmenting small, inbred guppy populations
with immigrants from divergent sources had a positive or neg-
ative effect on population fitness relative to no augmentation.
Specifically, if augmentation has a net positive effect, we
would expect abundance, recruitment and survival to increase
more in populations with immigrants than in those without
immigrants. But, if augmentation has a net negative effect,
abundance, recruitment and survival should decrease in popu-
lations that received immigrants relative to those that did not.
To gain further insight into the effects of different types of
divergent immigrants, we compared the demographic impacts
of augmentation with immigrants from an adaptively divergent
but genetically similar source to those of immigrants from an
adaptively similar but genetically divergent source. Although
our experiment was not designed to differentiate demographic
from genetic rescue, our results shed light more generally on
how divergent immigrant sources can differ in their ability to
increase population fitness.

Materials and methods

Experimental mesocosms

To address our question about the effects of divergent immi-
grants on small populations, we used replicate 10-gallon
glass aquaria, or mesocosms, in the laboratory to simulate
small LP populations in upstream pools. Each mesocosm
was seeded with 10 LP fish from the Aripo LP site: one
wild-caught, three F1 and one F2 laboratory-bred individuals
per sex. Generations were mixed in this way so that we
could use all available LP fish and maximize the number of
mesocosm replicates. Females were impregnated by ran-
domly selected males from their population upon introduc-
tion. Although we were not able to estimate individual
inbreeding coefficients or provide direct evidence for
inbreeding depression in the recipient population, it did have
low observed heterozygosity relative to HP streams
(Ho = 0.58 vs. 0.77, respectively; Baillie, 2012), a trend
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consistently observed in LP compared to HP guppy popula-
tions (Barson et al., 2009; Suk & Neff, 2009; Willing et al.,
2010). Aripo LP mesocosm populations received one of the
three treatments: (1) HP immigrants from a population in the
same drainage, Aripo HP; (2) LP immigrants from a distant
population on the opposite side of the Northern Range of
Trinidad, Marianne LP; or (3) no immigration as a control.
All immigrants were the F1 offspring of wild-caught individ-
uals, captured together at the same site per population.
Importantly, the Aripo HP immigrants were adaptively diver-
gent from the recipient Aripo LP populations (coming from
a typical high-predation source) but were only moderately
genetically divergent at 10 neutral microsatellite loci
(FST = 0.12; Baillie, 2012), indicating relatively recent diver-
gence and/or recent gene flow between LP and HP Aripo
populations. Conversely, the Marianne LP immigrants were
adaptively similar to the recipient Aripo LP populations, but
considerably more genetically divergent at 10 microsatellite
loci (FST = 0.35; Baillie, 2012), indicating long-standing iso-
lation between these populations. We included three repli-
cates per treatment according to a randomized controlled
block design for a total of nine experimental mesocosm pop-
ulations.

Full spectrum fluorescent bulbs were hung at a constant
distance (30 cm) from each mesocosm. Three equally sized
pieces of floating aquarium grass were kept in each tank to
provide shelter for juvenile guppies. Fish in each tank were
fed twice daily [AM: 165-lL TetraminTM tropical fish flake
paste (Tetra, Melle, Germany); PM: 250-lL hatched Artemia
cysts]. Food quantity, temperature (25 � 1°C) and light
cycle (12 h light and 12 h dark) were held constant through-
out the experiment. Sponge filter and partial water changes
occurred once every 2 weeks, at which point tank surfaces
were scrubbed of algae.

Population censuses

During the course of the study, we conducted monthly cen-
suses for 6 months (seven total; one at the beginning of the
study and each month thereafter). At each census, all adult
fish (defined as having a standard length of 14 mm or
longer) were anesthetized with a dilute solution of MS-222
and marked with visible implant elastomer (VIE; Northwest
Marine Technology, Inc., Shaw Island, WA, USA) to label
new recruits. Previous capture–mark–recapture studies on
guppies demonstrate high mark retention and low marking
mortality using these methods (Reznick et al., 1996). Indi-
viduals smaller than 14 mm were not processed but were
counted in the total number of sub-adult fish. After process-
ing, individuals were placed in an aerated recovery tank and
then returned to their experimental tank once they revived.
We were able to conduct complete censuses of all individu-
als within each mesocosm.

Immediately after the third monthly census (2 months
after the beginning of the study), we began adding one adult
female and one adult male immigrant per month to the
immigration treatment mesocosms from the appropriate
source population. Guppies have a gestation of

approximately 1 month and reach sexual maturity at approxi-
mately 2 months of age. Thus, offspring resulting from mat-
ings between resident guppies and the first immigrants were
most likely born by the fourth monthly census, sexually
mature by the sixth monthly census and could have pro-
duced offspring by the final census. Immigrant females were
sexually mature and pregnant upon addition to experimental
mesocosms. Therefore, the demographic contribution of
immigrant females included offspring in utero in addition to
themselves. Despite this, we were still able to resolve treat-
ment effects because our aim was to assess the overall effect
of divergent immigrants on population fitness regardless of
immigration rate.

Statistical analyses

We calculated total abundance, adult abundance, adult
recruitment and adult survival for each mesocosm each
month. Total abundance was measured as the total number
of individuals (adults + sub-adults) in the tank at the time of
each census, adult abundance was the number of adults at
each census, adult recruitment was the number of new adults
and adult survival was the proportion of adults that had sur-
vived since the previous census. To remove the direct demo-
graphic contribution of immigrants, we also calculated total
and adult abundance for each mesocosm with immigrants
excluded from the analysis.

For each of the above population metrics (total abundance,
adult abundance, adult survival and adult recruitment), we fit
Bayesian univariate generalized linear mixed models (GLMM)
with the MCMCglmm function in the MCMCglmm R pack-
age (Hadfield, 2010) using R version 3.0.2 (R Development
Core Team, 2011). These additive random effects models can
be thought of as the Bayesian equivalent of repeated-measure
models and therefore incorporate data from all months. Immi-
gration treatment was modeled as a fixed effect and month
nested within mesocosm and block were treated as random
effects. Models were run for 300 000 iterations with a burn-in
of 150 000 and a thinning interval of 200 with an inverse-
Wishart proper prior (Hadfield, 2010). We estimated the
means of controls, the effects of each immigration treatment
and their 95% credible intervals (CI) using Markov chain
Monte Carlo (MCMC) sampling of their posterior distribu-
tions, conditioned on the random effects. Effects were consid-
ered significant if the 95% CI did not overlap zero and the
estimated pMCMC value was ≤0.05 (Longdon et al., 2011).
pMCMC values can be interpreted as the Bayesian equivalent
of a P-value, and were calculated as two times the smaller
MCMC estimates of: (1) the probability that the parameter
estimate is greater than zero, or (2) the probability that the
parameter estimate is less than zero.

Results

By the end of the study, total and adult abundance was gen-
erally higher in mesocosms that received immigrants than in
control mesocosms with no immigration (Table 1). Mean
total abundance was significantly higher in the adaptively
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similar but genetically divergent immigrant treatment meso-
cosms than in control mesocosms, regardless of whether or
not the immigrants themselves were included in total abun-
dance: 95% CI of the effects is (3.82, 19.83) individuals
with immigrants and (0.10, 18.52) individuals without
(Table 1). Moreover, mean total abundance started to
decrease slightly in the control mesocosms after the third
census, but continued increasing in both immigrant treat-
ments for another 1–2 months before leveling off or starting
to decrease (Fig. 1, Supporting Information Fig. S1).

Mean adult abundance was significantly higher in immi-
grant treatment mesocosms than in control mesocosms when
immigrants were included: 95% CI (1.01, 6.01) for adap-
tively divergent but genetically similar treatments and (1.92,
6.63) for adaptively similar but genetically divergent treat-
ments (Table 1). When immigrants were excluded, mean
adult abundance was marginally significantly higher in the
adaptively similar but genetically divergent treatment meso-
cosms than in control mesocosms: 95% CI (�0.09, 3.61)
(Table 1). Mean adult abundance declined slightly in control
mesocosms (Fig. 2), but consistently increased throughout
the study in the immigrant treatment mesocosms when immi-
grants were included (Fig. 2a) and stayed constant when
immigrants were excluded (Fig. 2b).

Mean adult survival rate was high (roughly 85%) and did
not differ significantly among treatments (Table 1). However,
mesocosms that received adaptively divergent but genetically
similar immigrants had significantly higher mean adult recruit-
ment than controls, and the adaptively similar but genetically
divergent treatment had marginally significantly higher mean
adult recruitment than controls: 95% CI (0.29, 3.22) and
(�0.11, 2.58), respectively (Table 1). Mean recruitment
leveled off in the controls after the fifth census, but continued
increasing in immigrant treatment mesocosms (Fig. 3).

Discussion

Our results support the hypothesis that immigrants have a
net positive demographic effect on the short-term fitness of

small populations, despite originating from divergent sources.
Mean abundance and recruitment were higher in the immi-
grant mesocosms compared to the controls without immi-
grants. In the control mesocosms, population sizes declined
slightly over the duration of the study. In the mesocosms
that received immigrants from the adaptively divergent but
genetically similar population, total population sizes either
reflected the demographic contribution of immigrants and
their babies or growth above this baseline (i.e. genetic res-
cue); our experiment was not designed to separate out the
effects of demographic and genetic rescue. Our analyses
excluding immigrants removed their direct demographic con-
tribution, but not that of any offspring the female immigrants
may have been carrying. It is therefore possible that the
higher total abundance in these mesocosms after immigrant
exclusion is the result of immigrant offspring rather than
genetic rescue. Surprisingly, the mesocosms that received
immigrants from the adaptively similar but genetically diver-
gent (LP) population had a greater increase in total abun-
dance than in adult abundance or recruitment, suggesting
that population growth was driven by higher birth rates in
these mesocosms. LP guppies typically have lower fecundity
than HP guppies, with smaller brood sizes and longer inter-
brood intervals, and take longer to reach sexual maturity
(Reznick, 1982; Reznick & Endler, 1982). Our finding that
LP guppies had higher fecundity suggests that the difference
in ability of these divergent immigrant sources to increase
population fitness was not solely an artifact of their fecundi-
ties in their respective native environments; we would have
expected HP guppies to have higher reproductive output, but
we found just the opposite. One potential explanation for
this is that LP guppies, being better adapted than HP guppies
to the competitive, predator-free mesocosm environment,
were able to allocate resources toward reproduction more
appropriately. We found that adaptively similar but geneti-
cally divergent immigrants were overall more beneficial to
population fitness than adaptively divergent but genetically
similar immigrants. This may come as a surprise because
(coming from a LP environment) the adaptively similar but

Table 1 Summary of the estimated means for the control mesocosms and the effects of the immigration treatments (relative to the mean

values for the controls) on mesocosm abundances, number of adult recruits and survival rate, estimated from the posterior distributions of

Bayesian univariate GLMMs

Response variable

Mean of control

mesocosms with

no immigrants

(95% CI)

Adaptively divergent

but genetically similar

immigrant

treatment (95% CI)

Adaptively similar but

genetically divergent

immigrant treatment

(95% CI)

Total abundance including immigrants 12.09 (4.10, 20.24) 6.20 (�3.11, 14.75) 11.43 (3.82, 19.83)*

Total abundance excluding immigrants 12.17 (4.44, 20.05) 4.14 (�3.35, 13.08) 9.01 (0.10, 18.52)*

Adult abundance including immigrants 7.93 (5.77, 10.15) 3.62 (1.01, 6.01)** 4.22 (1.92, 6.63)***

Adult abundance excluding immigrants 8.01 (6.08, 9.86) 1.43 (�0.38, 3.25) 1.77 (�0.09, 3.61)†

Number of adult recruits 1.94 (�0.60, 4.63) 1.75 (0.29, 3.22)* 1.21 (�0.11, 2.58)†

Adult survival rate including immigrants (%)a 84.76 (70.17, 100.00) 0.10 (0.00, 3.39) 0.06 (0.00, 3.77)

Adult survival rate excluding immigrants (%)a 85.90 (71.58, 100.00) 0.003 (0.00, 5.77) 0.06 (0.00, 3.51)

The estimated level of significance (pMCMC) of effects is denoted by asterisks: †P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001.
aSurvival rates were arcsine square-root transformed prior to running the model. The means, effects and 95% CI presented here are back trans-

formed. We corrected upper and lower bounds of back transformed 95% CIs using B(X) = 100.00 when X > p/2 and B(X) = 0.00 when X < 0.
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genetically divergent immigrants likely had low genetic vari-
ation and therefore may contribute relatively little novel
genetic information. But because recipients and immigrants
came from population sources that have been long isolated
from one another, and genetic drift is random, introgression
between two inbred sources can still result in genetic rescue
(Heber et al., 2013). However, our results should be inter-
preted with some caution because we could only test one
source population for each divergent immigrant treatment,
and findings may differ depending on the genetic and
demographic characteristics of divergent immigrants in other
systems.

Outbreeding depression is expected be the strongest in the
F2 generation, once recombination has shuffled alleles from

both populations (Bateson, 1909; Dobzhansky, 1937; Muller,
1940; Templeton, 1986; Lynch, 1991; Edmands, 2007). Our
experiment ended shortly after the start of the F2 generation
and therefore only captured the effects of interpopulation
recombination via some of the sub-adults; many negative
outbreeding effects may not manifest until later in adulthood,
and if our experiment had run for a longer period or our
sample size were larger, we would have been better able to
detect them. However, outbreeding depression is still possi-
ble in F1 hybrids if immigrant genes are maladapted, there is
underdominance, or detrimental epistatic interactions exist
between heterozygotes or sex chromosomes (Edmands,
2007). Reduced fitness of F1 hybrids has been demonstrated
widely, including in plants (Quilichini, Debussche &

Month

A
du

lt 
ab

un
da

nc
e

1 2 76543
0

5

20

15

10

= control
= HP immigr.
= LP immigr.

A
du

lt 
ab

un
da

nc
e

0

5

20

15

10

(a)

(b)

Immigration
started

Immigration
started

Figure 2 Mean monthly adult abundance in control, adaptively

divergent but genetically similar (HP), and adaptively similar but

genetically divergent (LP) immigrant treatment mesocosms includ-

ing (a) or excluding (b) immigrants. Error bars show standard errors.

Monthly addition of immigrants (one female and one male per

month) in immigrant treatment mesocosms started immediately

after the third census.

Month

T
ot

al
 a

bu
nd

an
ce

1 2 76543
0

5

30

25

20

15

10

40

35

= control

= HP immigr.

= LP immigr.

T
ot

al
 a

bu
nd

an
ce

0

5

30

25

20

15

10

40

35

(a)

(b)

Immigration
started

Immigration
started

Figure 1 Mean monthly total abundance (adults + sub-adults) in

control, adaptively divergent but genetically similar (HP), and adap-

tively similar but genetically divergent (LP) immigrant treatment

mesocosms including (a) or excluding (b) immigrants. Error bars

show standard errors. Monthly addition of immigrants (one female

and one male per month) in immigrant treatment mesocosms

started immediately after the third census.

Animal Conservation 20 (2017) 3–11 ª 2016 The Zoological Society of London 7

J. A. Kronenberger et al. Effects of divergent immigrants on small populations



Thompson, 2001; Galloway & Etterson, 2005; Heiser &
Shaw, 2006), invertebrates (Lonsdale, Levinton & Rosen,
1988; Lee, 2000; Hwang et al., 2012) and vertebrates (Sasa,
Chippindale & Johnson, 1998; Gilk et al., 2004; Neff,
2004). Therefore, while a thorough test for outbreeding
depression requires monitoring over multiple generations, the
lack of negative outbreeding effects in our experiment,
though short term, is notable. There is also the question of
whether the dynamics observed in our laboratory populations
can be extrapolated to wild populations. We believe they
generally can, in part because carrying capacity was not
reached in these mesocosms (based on populations sizes that
reached ~50 individuals before declining in a subsequent
experiment; J.A. Kronenberger, unpubl. data), and therefore
density-dependent limits on population growth should not
have influenced our results. Furthermore, our results are con-
sistent with a similar increase in population fitness following
immigration from a divergent population of guppies in the
wild (Fitzpatrick et al., 2016).

Previous studies testing the effects of non-divergent immi-
grants on population fitness have generally found positive
results (reviewed by Frankham, 2015; Whiteley et al., 2015).
When immigrants are divergent, however, studies have been
inconsistent, with some describing a positive effect (Hogg
et al., 2006; Bossuyt, 2007; Willi et al., 2007; Johnson
et al., 2010; Tortajada et al., 2010) and others a negative
effect (Lacy, 1998; Edmands, 1999, 2002; Fenster & Gal-
loway, 2000; Lee, 2000; Hwang et al., 2011; Pekkala et al.,
2012). These inconsistencies may be due to a variety of fac-
tors, including the type and degree of divergence of immi-
grants (Frankham et al., 2011), the severity of inbreeding

depression in recipient populations (Ingvarsson, 2001) and
the duration of population monitoring (Tallmon et al., 2004).

Future studies are needed to build upon our experiment and
previous research. First, longer term studies will provide a more
complete understanding of the ultimate effects of augmentation
on population dynamics, as has been argued previously (Whit-
lock et al., 1995; Fenster, Galloway & Chao, 1997; Edmands,
1999, 2007; Tallmon et al., 2004; Willi et al., 2007). Second,
studies that manipulate the degree of divergence of immigrants
and the level of inbreeding of recipient populations will identify
key thresholds when the positive effects of gene flow become
negative. Third, the goal of our study was to determine the
overall effect of divergent immigrants on demography, rather
than tease apart the contributions of demographic versus
genetic rescue. Future studies should attempt to parse out the
relative importance of these two mechanisms in rescuing popu-
lations (sensu Hufbauer et al., 2015). To avoid unaccounted
for variation in immigration rates, immigrants should not be
pregnant upon introduction. We also suggest including a treat-
ment with immigrants from the same population to control for
the numerical input of the immigrants themselves; these immi-
grants would contribute little novel genetic information, and
therefore their impact on population fitness would be almost
entirely demographic. Contrasts between treatments with immi-
grants from the same population and those with immigrants
from elsewhere would be able to differentiate demographic
from genetic rescue. Finally, when managers decide to augment
declining or small populations, they should utilize the opportu-
nity to test the effects of immigrants on population dynamics,
for example, using an adaptive management framework in
which management actions are adjusted depending on the
effectiveness of previous approaches (Walters, 1986; Williams,
Nichols & Conroy, 2002).

Conservation implications

If managers decide to augment a population, they should
ideally choose an immigrant source that is adaptively and
genetically similar to the recipient population. However, our
results suggest that if no similar source exists, augmenting
with individuals from a divergent population may be better
than doing nothing, particularly for very small populations
that are highly vulnerable to extinction from demographic
stochasticity. Individual mesocosms in our experiment
showed widely varying population responses due to small
initial population sizes (Fig. S1), but overall mesocosms that
received divergent immigrants maintained higher abundances
than controls that did not.

Our study is relevant to many species of conservation
concern in which the only potential sources for augmenting
small, isolated populations are adaptively and/or genetically
divergent. For example, many small populations of Great
Basin Columbia spotted frogs Rana luteiventris (a candidate
for listing under the U.S. Endangered Species Act) are sepa-
rated from each other by tens to hundreds of kilometers of
inhospitable desert habitat and are also highly genetically
differentiated from each other (Funk et al., 2008). Similarly,
island foxes Urocyon littoralis (listed as Endangered under
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the U.S. Endangered Species Act) have been subdivided into
six subspecies, each on a different island (Goldstein et al.,
1999; Aguilar et al., 2004; Funk et al., 2016). In both spe-
cies, the potential sources for augmentation are highly diver-
gent from recipient populations.

If deemed necessary for increasing population fitness and
averting extinction, augmenting with individuals from diver-
gent populations should at least be considered in these and
other cases in which a similar source population is not avail-
able. We realize, however, that a single empirical study in
guppies or any other experimental system does not necessar-
ily inform all species and cases. Ultimately, the effects of
immigration and gene flow will depend on many factors,
particularly the degree of divergence of immigrants and the
degree of inbreeding depression in recipient populations.
More studies are needed to determine how these factors and
others influence the outcome of gene flow if we are to come
to a consensus about when demographic and/or genetic res-
cue via augmentation will work.
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