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To successfully colonize new habitats, organisms not only need to gain access to it, they
also need to cope with the selective pressures imposed by the local biotic and abiotic
conditions. The number of immigrants, the preadaptation to the local habitat and the
presence of competitors are important factors determining the success of colonization.
Here, using two experimental set-ups, we studied the effect of interspecific competition in combination with propagule pressure and preadaptation on the colonization
success of new habitats. Our model system consisted of tomato plants (the novel habitat), the two-spotted spider mite Tetranychus urticae as our focal species and the red spider mite Tetranychus evansi as a competitor. Our results show that propagule pressure
and preadaptation positively affect colonization success. More successful populations
reach larger final population sizes either by having higher per capita growth rates (due
to preadaptation effects) or by starting a population with a larger number of individuals. Although populations are more successful colonizing non-competitive environments than competitive ones, propagule pressure and preadaptation counteract the
negative effects of competition, promoting colonization success. Our study shows the
importance of propagule pressure and preadaptation for successful colonization of new
habitats by providing the ability to cope with both the exigencies of new environments
and the community context.
Keywords: competition, per capita growth rate, population size, preadaptation,
propagule pressure, spider mites

Introduction
New habitats provide novel ecological opportunities, potentially facilitating speciation and biological diversification (Simpson 1953, Carson and Templeton 1984,
Onstein et al. 2014, Delaux et al. 2015). Colonization of new habitats, however, relies
on the interplay between ecological (e.g. competition, dispersal) and evolutionary (e.g.
adaptation) processes that results in complex eco-evolutionary dynamics. Although
some of these processes (dispersal, adaptation and competition) have been studied
at large spatial and temporal (evolutionary) scales (Donoghue 2008, Edwards and
––––––––––––––––––––––––––––––––––––––––
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Donoghue 2013, Onstein et al. 2014), an understanding of
how these factors interact to affect colonization success of
new habitats is still lacking.
For individuals to successfully colonize new habitats, firstly
they need to physically access it (via dispersal). Secondly, they
need to establish self-sustaining populations, eventually allowing range expansion (Lockwood et al. 2005). Consequently,
the number of individuals arriving in a colonization event
and the number of colonization events (as a whole referred
to as propagule pressure) affects the probability of colonization success (Lockwood et al. 2005, Maron 2006, Simberloff
2009). A high propagule pressure increases the chance that
some of the immigrants can establish in the new habitat,
for instance by having the right genetic make-up. Also, it
reduces the probability of extinction, which is more likely to
occur in small population sizes due to Allee effects, founder
effects, genetic (inbreeding, drift) and demographic stochasticity (Ellstrand and Elam 1993, Newman and Pilson 1997,
Dressler et al. 2019). Third, in order to establish populations
and further expand, individuals need to cope with the ecological context of the new habitat, i.e. the abiotic conditions
(which might differ from the ones in the original environment), and the presence or absence of competitors, resulting in differences in the availability of unexploited resources
(‘empty niches’) (Simpson 1953). Preadaptation to the new
habitat, that is, genetic or phenotypic traits allow the organism to survive in the new habitat, either due to evolution of
these traits or phenotypic plasticity, may increase the probability of colonization success (Dlugosch and Parker 2007,
Hamilton et al. 2015, Vahsen et al. 2018). Furthermore, these
preadaptations may also help individuals to overcome competition exerted by the receiving community. Preadaptation
of herbivores to a new host plant may involve the development of new metabolic pathways to metabolize anti-herbivory components and increase resource acquisition leading to
a more efficient exploitation of resources (Van Leeuwen and
Dermauw 2016, Dermauw et al. 2018). As a consequence,
adaptation to a type of habitat (e.g. a type of plant or a new
host from a parasite perspective) may increase fitness in that
particular habitat and thus population growth rates (Strauss
2014, Hendry 2019). In a competitive environment, an
increase in population growth rate also implies an increase
in competitive abilities. Therefore, preadaptation might positively affect colonization success by avoiding competitive
exclusion. Even though these pre-requisites for colonization
success are generally recognized, the relative importance of
physical access to the habitat, preadaptation and competition
to determine success in new habitats, remains unknown.
Here, using two microcosms experiments we tested the
importance of interspecific competition in combination with
1) propagule pressure, and 2) preadaptation on colonization success in novel environments. In this study we defined
propagule pressure as the number of immigrants in a single
dispersal event (also referred to as propagule size in the strictest sense). Our study system included tomato plants as the
novel environment, a Solanaceae specialist, the red spider
mite Tetranychus evansi, as the competitor and a generalist

herbivore, the two-spotted spider mite Tetranychus urticae, as
the colonizer. Both spider mites are known to co-occur both
in natural and in agricultural habitats (Ferragut et al. 2013).
Tetranychus urticae individuals from different populations
were introduced to the novel host plant (tomato), to which
some of the populations were preadapted and others were
not. Competitive environments were created by including
competitive mites (Tetranychus evansi) in the novel environment. Propagule pressure was examined by varying the initial
number of immigrants to the new habitat. After one generation in the novel environment, T. urticae’ population size
(number of adult female mites) and per capita growth rate
was used as a proxy of colonization success. We specifically
tested three hypotheses: (H1) higher propagule pressures will
positively affect population sizes but not per capita growth
rate, (H2) preadapted individuals will attain higher per capita
growth rates (because more adapted individuals evolve higher
fecundity) and thus higher population sizes in new habitats
than less adapted individuals; and (H3) interspecific competition will reduce population sizes and population’ per capita
growth rate, but the extent of this reduction will depend on
propagule pressure and preadaptation.

Methods
Study species

The two-spotted spider mite Tetranychus urticae (Acari,
Tetranychidae) is a generalist herbivore that feeds on a wide
variety of host plants (Gotoh et al. 1993). Because of its small
body size (female size about 0.4 mm length), high fecundity
(1–12 eggs day−1) and short developmental time (11–28 days;
Nacimiento de Vasconcelos et al. 2008), T. urticae is an ideal
model organism for microcosm experiments on adaptation
(Gould 1979, Egas and Sabelis 2001, Magalhães et al. 2007,
Kant et al. 2008, Bonte et al. 2010, Alzate et al. 2017, 2019).
Moreover, its biology has been thoroughly described and its
genomics are well-known (Grbić et al. 2011). All populations used in this study were derived from the London strain,
originally collected from the Vineland region in Ontario,
Canada (Grbić et al. 2011). We used three populations of T.
urticae that differ in their level of adaptation to tomato (the
novel environment used in this study): non-adapted, medium
adapted and highly adapted. The non-adapted population was
reared on bean plants Phaseolus vulgaris (variety prelude) for
more than six years. Both the medium adapted and the highly
adapted populations were derived from the non-adapted
population, but medium adapted populations were reared on
tomato plants Solanum lycopersicum (variety ‘moneymaker’)
for about 20 generations (populations receiving two female
mites per week in Alzate et al. 2017), and the highly adapted
population was reared on tomato plants for more than 100
generations, prior our experiment. These populations differed
in their fitness, measured as fecundity (number of eggs as a
proxy of fitness) on tomato plants, suggesting differences in
their adaptation to the tomato host plant (Alzate et al. 2017).
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As a competitor, we used the red spider mite Tetranychus
evansi (Acari, Tetranychidae), which is a specialist herbivore of
(mainly) Solanaceae (incl. tomato). Adult females are easily distinguishable from T. urticae as they show a characteristic red coloration and are slightly larger (0.5–0.6 mm length). Fecundity
ranges from 10 to 14 eggs per day (Navajas et al. 2013) and
development time can vary from 6.3 to 13.5 days, depending
on the environmental temperature and host (Bonato 1999).
Experiments

Using two experiments, we examined how total population
abundance and per capita growth rate was affected by interspecific competition and either propagule pressure or preadaptation. Before each experiment we minimized epigenetic
effects (juvenile and maternal effects) by collecting individual females from each population (non-adapted, medium
adapted and highly adapted) and rearing them separately in a
common garden for two generations (Magalhães et al. 2011).
The common garden consisted of a 5 cm diameter bean leaf
disk (per female) on cotton wool soaked in distilled water. All
individuals derived from a single female are therefore considered an iso-female line and each line was used as a replicate
for the experiments performed in this study.
Propagule pressure and competition

In the first experiment we used the highly adapted population to study the effect of propagule pressure and competition on colonization success (H1, H3). We tested three
levels of propagule pressure (3, 5, 10 individual adult female
mites), and the presence or absence of competition with T.
evansi (three individuals). Per iso-female line, we placed adult
female mites (3, 5 or 10) on either a complete (four weeks
old) tomato plant with or without competition. In total we
tested six treatment combinations with eight replicates (eight
iso-female lines) for treatments with propagule pressure of
three individuals and five replicates (five iso-female lines) for
treatments with propagule pressure of 5 and 10 individuals
(Supplementary material Appendix 1 Fig. A1).
Preadaptation and competition

In the second experiment we evaluated the effect of preadaptation and competition on colonization success to new environments (H2, H3). We placed three adult females from each
adaptation treatment (and iso-female line) either on a complete
(four weeks old) tomato plant without cohabitants (no competition treatment) or on a complete tomato plant together
with three females of T. evansi (competition treatment).
We tested three preadaptation and two competition levels, for
a total of six treatment combinations. We used eight replicates
(iso-female lines) for treatments with non-adapted and highly
adapted populations and 12 replicates for the treatment with
medium adapted populations. Medium adapted populations
have more replicates because we collected females from four
independent populations, whereas for the non-adapted and
highly adapted treatments, females came from a single population (Supplementary material Appendix 1 Fig. A2).
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For both experiments, plants were maintained in a climate
regulated room at 25 ± 0.5°C with a 16/8 h light/dark regime
for 15 days. Because fecundity varies with female age (Sabelis
and van der Meer 1986) we chose adult female mites of similar
age (1–2 days after emerging from the last quiescent stage) to
be placed on tomato plants. In the competitive environments,
we ensured that females of T. urticae were placed on the same
leaves as females of T. evansi for competition to be effective.
Population sizes of T. evansi and T. urticae, and growth rate
of T. urticae were recorded after 15 days (one generation). To
estimate population sizes, we counted all adult female mites
present on each complete tomato plant. Juveniles and males
were not included in the counting because their small size
made their detection with the naked eye difficult. Complete
population sizes are therefore larger than the ones presented
in this study, when accounting for juveniles and males (S2 in
De Roissart et al. 2015). Per capita growth rate was calculated
by first subtracting the initial number of females from the
final number of females after one generation, then dividing
this by the initial number of females.
In addition to the competition experiments using T. evansi
and T. urticae populations with different propagule pressures
and preadaptations, we simultaneously studied five populations of T. evansi without competition, in which three adult
females of T. evansi were placed on tomato plants.
Statistical analyses
Propagule pressure and competition

We tested the effect of propagule pressure and competition on per capita growth after one generation of population growth on the novel environment, using a general linear
mixed model. The effect of propagule pressure and competition on population size was tested using generalized linear
mixed models with Poisson error distribution. For both models, we used propagule pressure (with three levels: 3, 5 and 10
female mites) and competition (with two levels: competition
with T. evansi and no-competition) as fixed categorical factors. Because females coming from the same iso-female line
(Supplementary material Appendix 1 Fig. A1) might respond
similarly to a treatment than females that are not related, we
used iso-female line as a random factor. We used per capita growth rate and final population size (number of adult
females after one generation) as response variables. Per capita
growth rate was log-transformed to meet the assumption of
normal distribution of model residuals. To correct for the initial differences in population sizes on final population sizes,
we subtracted the initial number of immigrants (3, 5 or 10
female mites) from the final population size. Model selection
(for both the random and fixed part) was performed using
a stepwise removal of non-significant effects based on loglikelihood ration test until only significant effects remained.
Post hoc tests were performed to test for differences between
the least square means of treatments using the difflsmeans
function from the package lmerTest and p-values were
adjusted for multiple comparisons using a Tukey HSD test
(Kuznetsova et al. 2017).

Preadaptation and competition

To test the effect of preadaptation and competition on per
capita growth rate and final population size, we used the same
statistical procedure as described above, but including preadaptation (three levels: no adapted, medium adapted and
highly adapted) and competition (two levels: competition
and no competition) as fixed factors. Model selection and
post hoc test was performed similarly as described above.
Effects of T. urticae’ propagule pressure and preadaptation
on T. evansi’ population size and on T. urticae’ competitive
ability

To test the effect of competition with populations with different propagule pressures and preadaptation levels on T. evansi
population sizes, we performed a generalized linear mixed
model with Poisson error distribution. We used a combined
factor of competition and preadaptation/propagule pressure
as fixed categorical factor (4 levels for propagule pressure
experiments: Single, Competition with propagule pressure of
3 individuals, Competition with propagule pressure of 5 individuals and, Competition with propagule pressure of 10 individuals; and 4 levels for preadaptation experiments: Single,
Competition with non-adapted population, Competition
with medium-adapted population and Competition with
highly-adapted population) and iso-female line as a random
factor (this only applied to the preadaptation experiment).

Competitive ability of T. urticae was calculated as the fraction
of individuals of T. urticae among the total number of individuals (T. urticae + T.evansi). To test the effect of propagule
pressure and preadaptation on T. urticae’ competitive abilities
we performed a general linear model with preadaptation as a
fixed categorical factor. Model selection and post hoc tests for
both analyses were performed as described above.
All analyses were performed in R ver. 3.5.3 (< www.rproject.org >) with the R packages lme4 (Bates et al. 2015),
lsmeans (Lenth 2016), lmerTest (Kuznetsova et al. 2017) and
multcomp (Hothorn et al. 2008).

Results
Propagule pressure and competition

Final population size (number of adult female mites) was
best explained by the additive effects of propagule pressure and competition (Table 1, see Supplementary material
Appendix 1 Table A1 for model selection). While propagule
pressure positively affected population size of Tetranychus
urticae, both with and without competition, competition
always exerted a negative effect on population size irrespective of propagule pressure (Fig. 1A). Populations receiving
a higher number of propagules (10 females) attained larger

Table 1. Summary of final statistical models testing 1) the effects of propagule pressure and competition and 2) the effects of preadaptation
and competition on population size and per capita growth rate of Tetranychus urticae when colonizing a novel habitat. Marginal (fixed
effects only) and conditional (fixed and random effects) coefficients of determination for the final models are shown (R2m, R2c respectively).
Estimates for models testing preadaptation and competition are log-transformed.
Test
Propagule pressure
and Competition

Response variable
Population size
R2m = 0.89; R2c = 0.98
Response variable
Per capita growth rate
R2m = 0.65; R2c = 0.77
Response variable

Preadaptation and
Competition

Population size
R2m = 0.84; R2c = 0.98
Response variable
Per capita growth rate
R2m = 0.76; R2c = 0.78

Effect

Estimate

SE

z

p

4.11
−1.74
0.49
0.77
0.34
0.71

0.12
0.12
0.09
0.08
0.17
0.14

34.68
−14.87
4.67
9.64
2.02
5.05

0.000
0.000
0.000
0.000
0.040
0.000

Estimate

SE

t

p

23.53
−18.78
−5.34
−9.55
6.33
10.80

2.16
2.42
2.92
2.83
3.85
3.70

10.88
−7.75
−1.83
−3.37
1.64
2.92

0.000
0.000
0.081
0.003
0.118
0.009

Estimate

SE

z

p

0.27
−1.41
1.97
3.77

0.37
0.09
0.41
0.43

Effect

Estimate

SE

t

p

No competition – no Adapted
Competition
Medium adapted
Highly adapted
Competition × Medium adapted
Competition × Highly adapted

0.34
−0.19
0.98
2.81
−0.52
−1.29

0.18
0.24
0.23
0.27
0.31
0.36

1.87
−0.80
4.26
10.27
−1.66
−3.62

0.067
0.430
0.000
0.000
0.110
0.001

No competition – 3 females
Competition
5 females
10 females
Competition × 5 females
Competition × 10 females
Effect
No competition – 3 females
Competition
5 females
10 females
Competition × 5 females
Competition × 10 females
Effect
No competition – no Adapted
Competition
Medium adapted
Highly adapted

0.74
−14.99
4.76
8.72

0.460
0.000
0.000
0.000
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Figure 1. Effect of propagule pressure (number of Tetranychus urticae colonizers) on population size measured as the total number of adult
females (A) and per capita growth rate (log transformed) (B) of T. urticae. Bars show the mean population size or per capita growth rate and
standard errors for the raw data. The underlying raw data is shown as points for each treatment combination. Letters show significant differences between treatments (GLMM (A)–LMM (B), Tukey HSD, p < 0.05).

population sizes after one generation than populations receiving fewer propagules (3 females).
Per capita growth rate was best explained by both the
additive and interaction effects of propagule pressure and
competition (Table 1, Supplementary material Appendix 1
Table A1 for model selection). While competition always
affected growth rate negatively, the effect of propagule pressure depended on the competitive environment (Table 1). In
a non-competitive environment, propagule pressure exerted
a negative effect on per capita growth rate, whereas in a competitive environment propagule pressure did not have an
effect (Fig. 1B).

with high preadaptation in non-competitive environments
had the largest population sizes (Fig. 2A).
Per capita growth rate was best explained by the additive
and interaction effects of preadaptation and competition.
Preadaptation affected growth rate positively, whereas competition affected growth rate negatively (Fig. 2B). Populations
without any preadaptation showed the lowest growth rate,
both in competitive and non-competitive environments,
whereas populations with high preadaptation in non-competitive environments showed the highest growth rate (Fig. 2B).

Population size (number of adult female mites) was best
explained by the additive and interaction effects of preadaptation and competition (Table 1, see Supplementary material Appendix 1 Table A1 for model selection). Populations
that co-occurred with T. evansi were significantly smaller than
populations without the competitor for populations with
medium and high preadaptation (Fig. 2A). Populations with
no preadaptation had the lowest population size in both competitive and non-competitive environments, and populations

Tetranychus urticae’ propagule pressure negatively affected
T. evansi’ population sizes (R2 = 0.85; Fig. 3A). Tetranychus
evansi populations showed a reduction of 33 and 24 individuals on average when in competition with populations that
started with low (3 individuals) (estimate = −0.37, SE = 0.06,
Z = −6.22, p < 0.0001) and medium (5 individuals) (estimate = −0.25, SE = 0.07, Z = −3.87, p = 0.0001) propagule
pressure, respectively, but a reduction of 57 individuals on
average when in competition with the populations that

Population size

80

No competition
Competition

A

c

60
40
20
0

a

b
d

None

b
a

Medium
Preadaptation

High

log(Per capita growth rate)

Preadaptation and competition

Effects of T. urticae’ propagule pressure and
preadaptation on T. evansi’ population size and on T.
urticae’ competitive ability

4

No competition
Competition

B

c

3
b

2
1
0

b
ad

a
d

None

Medium
Preadaptation

High

Figure 2. Effect of preadaptation and competition on population size measured as the total number of adult females (A) and per capita
growth rate (log transformed) (B) of Tetranychus urticae after one generation on a novel environment. Bars show the mean population size
or per capita growth rate and standard errors for the raw data. The underlying raw data is shown as points for each treatment combination.
Letters show significant differences between treatments (GLMM (A)–LMM (B), Tukey HSD, p < 0.05).
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A
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B

0.8

b
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5
10
Propagule pressure
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Figure 3. Effect of Tetranychus urticae propagule pressure on (A) T.
evansi population size (number of adult females) and on (B) the
overall competitive ability of T. urticae. Overall competitive ability
was calculated as the fraction of individuals of T. urticae among the
total number of individuals (T. urticae + T. evansi). Bars show the
mean population size or mean competitive ability and standard
errors for the raw data. The underlying raw data is shown as points
for each treatment combination. Letters show significant differences
between treatments (GLMM (A)–LM (B), Tukey HSD, p < 0.05).

started with high (10 individuals) propagule pressure (estimate = −0.77, SE = 0.08, Z = −10.03, p < 0.0001).
Propagule pressure has a positive effect on T. urticae competitive abilities (R2 = 0.76; Fig. 3B). Populations that started
with 5 individuals only experience an increase 1.4 times
higher than populations starting with 3 individuals (estimate = 0.05, SE = 0.06, t = 0.92, p = 0.37), whereas populations that started with 10 individuals experienced an increase
in competitive ability 3.5 times higher with respect to populations that started with 3 individuals (estimate = 0.39,
SE = 0.06, t = 6.99, p < 0.0001), respectively.
Population sizes of T. evansi were negatively affected by
the preadaptation level of T. urticae (R2m = 0.6, R2c = 0.69;
Fig. 4A). Tetranychus evansi populations showed a reduction of 2 individuals on average when in competition with
the non-adapted populations (estimate = −0.02, SE = 0.09,
Z = −0.20, p = 0.84), but a reduction of 15 and 33 individuals on average when in competition with the medium (estimate = −0.17, SE = 0.08, Z = −01.97, p = 0.05) and the highly
adapted (estimate = −0.37, SE = 0.10, Z = −3.71, p = 0.0002)
populations, respectively.
Populations of T. urticae show an increase in their competitive ability with an increase in preadaptation to tomato
plants (R2 = 0.7; Fig. 4B). Highly adapted populations experienced an increase in competitive ability 98 times higher
with respect to the non-adapted populations (estimate = 0.15,
SE = 0.02, t = 6.99, p < 0.0001), whereas the medium adapted
populations showed only 21 times higher competitive ability
(estimate = 0.03, SE = 0.02, t = 1.53, p = 0.14).

Discussion
We experimentally studied how colonization of novel environments is affected by interspecific competition and furthermore how the outcome of this interaction depends on

Figure 4. (A) Effect of Tetranychus urticae preadaptation on T. evansi
population size (number of adult females). (B) effect of preadaptation on the overall competitive ability of T. urticae. Overall competitive ability was calculated as the fraction of individuals of T.
urticae among the total number of individuals (T. urticae + T.
evansi). Bars show the mean population size or mean competitive
ability and standard errors for the raw data. The underlying raw data
is shown as points for each treatment combination. Letters show
significant differences between treatments (GLMM (A)–LM (B),
Tukey HSD, p < 0.05).

preadaptation to the novel environment and the propagule
pressure (number of colonizing individuals in a single dispersal event). We showed that populations are more likely to successfully colonize low competitive environments. However, in
the presence of competition, preadaptation to the novel environment or a high propagule pressure can increase the chances
of colonization success, counteracting the negative effects of
interspecific competition. Our results show that preadaptation and propagule pressure benefit successful colonization
differently. While preadaptation positively affects population
sizes by increasing per capita growth rate, propagule pressure
increases population sizes due to the additive effect of starting with a large population size. In either way both propagule
pressure and preadaptation help the colonizing population to
cope with competition in the new environment.
The population dynamics of the herbivorous two-spotted
spider mite Tetranychus urticae are in general characterized
by series of colonization events (by mated female mites),
fast population growth that leads to food resource overexploitation and subsequent dispersal to new host plants
(Mitchell 1973, Helle and Sabelis 1985, Sabelis et al. 1991,
Bancroft and Margolies 1999). Due to the nature of these
dynamics, T. urticae are distributed patchily and on diverse
host plants (to which they might be preadapted), resulting in plenty of opportunities to coincide in the same host
plants with T. evansi. Nevertheless, it has been shown that
coexistence of both species is relatively rare (Ferragut et al.
2013); T. evansi usually outcompetes T. urticae both in
natural (Ferragut et al. 2013) and in laboratory conditions
(Sarmento et al. 2011a). Based on the effect of both species
on tomato plant defenses, we might expect a positive indirect effect of T. evansi on T. urticae (T. evansi is known to
down-regulate tomato plant defenses) and a negative indirect
effect of T. urticae on T. evansi (T. urticae up-regulates tomato
plant defenses) (Sarmento et al. 2011b, Godihno et al. 2016).
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Nevertheless, resource competition, reproductive interference (Sato et al. 2014) or feeding interference by web production (Sarmento et al. 2011a) likely have made T. evansi an
overall stronger competitor. Consequently, it is more common to see resource partitioning and host separation for both
species (Ferragut et al. 2013). Our results show that to avoid
competitive exclusion by T. evansi, T. urticae needs to quickly
reach large population sizes. Therefore, in nature there might
be few possibilities for coexistence: either by starting a population with a large number of colonizers (high propagule
pressure) or by being highly preadapted to the host plant. In
either case colonization is more likely before T. evansi populations have reached a high population density. We have shown
that when populations start with a low-medium propagule
pressure (3 and 5 individuals), populations of both species
reach similar sizes, but with a high propagule pressure (10
individuals) population sizes of T. urticae are on average 1.5
times higher than population sizes of T. evansi (Fig. 2A, 4A).
Our results suggest that colonization is more likely before T.
evansi populations have reached a high population size (in
relative terms to the ones of T. urticae).
Propagule pressure has been widely studied using empirical, observational and experimental approaches mainly
because of its relevance to invasion biology and its role on
colonization success of invaders (Blackburn and Duncan
2001, Simberloff 2009, Lockwood et al. 2005, Cassey et al.
2018). In general, propagule pressure (here referred to as
propagule size) has been shown to be positively correlated
to colonization and establishment success (Maron 2006,
reviewed by Cassey et al. 2018), and our results are in line
with these findings. Moreover, our experiment is the first,
to our knowledge, to explore how the effect of propagule
pressure on colonization success is affected by the ecological context in which individuals arrived (environments with
and without interspecific competition). Firstly, we have
shown that competitive environments have a strong negative
effect on T. urticae’ population size, but propagule pressure
counteracted this effect, positively affecting population size
(Fig. 1A). Secondly, we have shown that in a competitor-free
environment, propagule pressure negatively affected per capita growth rate, whereas it had no effect in a competitive environment (Fig. 1B). This strongly suggests that intraspecific
competition increases with propagule pressure, which in turn
hinders population growth. In a competitive environment,
interspecific competition reduces population sizes to a degree
that intraspecific competition may be of less importance.
Siepielsky et al. (2016) showed that intraspecific competition
driven by density dependence in damselflies increases when
populations are more adapted to the local conditions. More
adapted individuals might be more efficient in acquiring
resources, which can decrease quickly and therefore reduce
population sizes. For this experiment we used the highly
adapted population of T. urticae, which are likely better in
acquiring resources. Although this makes them more competitive than other populations (a higher competitive ability,
Fig. 3), it can also increase intraspecific competition. Because
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the outcome of the interaction between propagule pressure
and competition might depend on the preadaptation level
of the population, it is possible that density dependence is
less strong in less adapted populations compared with highly
adapted ones. Despite the negative effects of propagule pressure on population per capita growth rate, propagule pressure does have a positive effect on the total population size.
Since larger populations are less affected by demographic stochasticity and therefore less likely to go extinct than smaller
populations (Alzate et al. 2019), total population size may be
a more relevant indicator for colonization success than per
capita growth rate.
Besides the ecological context, the nature of the new
habitat can determine the fate of the colonizing individuals. The outcome likely depends on the relative differences
between the old and the new habitat, and the degree of nicheconservatism of arriving individuals. In other words, immigrants that come from a very different habitat might be less
able to cope with the new conditions than individuals that
come from a similar habitat, making them likely preadapted.
Studies on invasion ecology suggest that preadaptation (or
proxies such as phylogenetic relatedness to the local species)
can increase the chance of successful colonization (Li et al.
2015). However, Maron (2006) shows that latitude (their surrogate for preadaptation) does not affect colonization success.
Nevertheless, to truly assess the importance of preadaptation,
it is important to evaluate the environmental conditions that
may require adaptations and thus constrain survival and fitness of organisms based on their morphology, physiology and
reproduction (Colautti and Barret 2013). In our study, mites
were preadapted to a new host plant (tomato) on which survival and fecundity is much lower in absence of preadaptation
(Alzate et al. 2017), probably due to herbivore-induced plant
defenses that hamper feeding and reproduction (Kant et al.
2015, Godihno et al. 2016). We have shown that preadaptation to the new habitat is key for successful colonization, as
it increases population growth rates and in consequence total
population sizes (Fig. 2). Although preadapted populations
are, in absolute terms, more affected by competition, possibly due to the combined effect of inter- and intraspecific
competition, in relative terms preadapted populations are less
affected than non-preadapted populations. The reduction in
per capita growth rate due to competition is on average 5.13
times versus 21 times for highly and medium adapted populations, respectively (Fig. 2B). Therefore, preadapted populations have a higher per capita growth rate that allows them
to attain larger population sizes, thus decreasing extinction
risk. Furthermore, preadaptation helps individuals to cope
with competition by increasing their competitive abilities
(e.g. more efficient resource consumption). For example,
in Drosophila species, it has been shown that adaptation to
the abiotic environment is the most important component
to increase competitive ability (Joshi and Thompson 1996).
In our experiment, the most adapted populations had not
only larger growth rates and larger final population sizes
(Fig. 2), they also exerted a higher competitive effect on the

competitor species, T. evansi (Fig. 3A) and displayed a higher
overall competitive ability (Fig. 3B), compared with less
adapted populations. This effect is also present when increasing propagule pressure (Fig. 4B).
The context of our study for propagule pressure is relatively simple as we only examined the effect of the number
of colonizers in a single dispersal event (propagule size in the
strictest sense) and used populations that were already highly
preadapted to the new host. Including propagule frequency
might result in a more complex and context-dependent
outcome, affecting not only ecological but also evolutionary processes (Wittmann et al. 2014, Koontz et al. 2018,
Peniston et al. 2019). Moreover, outcomes of manipulating
propagule frequency would likely depend on the source of
immigrants (their level of preadaptation), the number of colonizers in a single dispersal event and the competitive context
of the habitat (Vahsen et al. 2018). For instance, successful
colonization is very unlikely for T. urticae populations that
are not preadapted to the new habitat because of their small
population sizes which increase extinction risk (Alzate et al.
2017, 2019). However, it has been shown that frequent
colonization events (of non-preadapted individuals) allow
non-preadapted populations of T. urticae to locally adapt
to tomato plants, which ultimately allows successful colonization and establishment (Alzate et al. 2017, 2019). The
number of colonizers has been shown to play an important
role in adaptation: an increase in the number of immigrants
helps populations to adapt to new habitats via genetic and
demographic rescue (Alzate et al. 2019, Peniston et al. 2019),
but a further increase has a detrimental effect due to genetic
load (Alzate et al. 2017, Peniston et al. 2019). An increase in
propagule frequency might benefit non-preadapted populations (but not too high as this leads to maladaptation, see
Brady et al. 2019a, b for a review on causes and definitions of
maladaptation), whereas, it might harm preadapted population (by turning them maladapted). If the immigrants are
preadapted, an increase in propagule pressure might benefit
non-preadapted populations. For a population to successfully
colonize and establish in a novel habitat it is necessary to be
adapted to it, either by starting a population with already
preadapted individuals or by local adaptation, for which
both components of propagule pressure are important (size
and frequency). Thus, in a competitive environment, high
propagule pressure is key to maintain large population sizes
and avoid competitive exclusion, which might allow non-preadapted individuals to persist long enough to locally adapt.

Conclusion
Understanding the factors that determine species colonization success in novel habitats is of great importance given the
biodiversity crisis we are currently facing. Habitat fragmentation, loss and transformation constantly challenge populations with novel habitats. Inability to successfully colonize or
survive in those habitats may lead species to extinction as populations become more isolated attaining smaller population

sizes (Fahrig 1997, Wiegand et al. 2005). In this study, we
experimentally tested how propagule pressure, preadaptation
and competition affect colonization success in novel habitats. Our results confirm the intuitively evident hypothesis
that propagule pressure and preadaptation positively affect
colonization success. In competitive environments, however,
colonization success is reduced, and to successfully colonize
habitats that lack ‘empty niches’ (which is likely the most
common scenario), it is important to be either preadapted
or to start a population with a large number of colonizing
individuals (higher propagule pressure). Our results show
that large propagule pressures, preadaptation and low competition are pre-requisites for successful colonization of novel
habitats.
Data availability statement

Data are available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.bg79cnp7m > (Alzate et al. 2020).
This preprint of this article has been reviewed and recommended by Peer Community in Ecology (< https://ecology.
peercommunityin.org/public/rec?id=20 >).
Acknowledgements – We thank Karen Bisschop, Pieter Vantieghem
and Angelica Alcantara for their help during the experiments.
Drawing of tomato plant, mites and beans for the supplementary
materials were obtained from the noun project (< https://
thenounproject.com >) and the artists Michael Zick Doherty,
Vectors Market and Xela Ub.
Funding – RSE thanks the Netherlands Organisation for Scientific
Research (NWO) for financial support through a VICI grant. AA
was funded by the Ebbo Emmius Fund from the University of
Groningen, AA and DB were funded by BelSpo IAP project ‘SPatial
and environmental determinants of Eco-Evolutionary DYnamics:
anthropogenic environments as a model’; DB and RSE by the
FWO research community ‘An eco-evolutionary network of biotic
interactions’. AA and REO acknowledge the support of the German
Centre for Integrative Biodiversity Research (iDiv) Halle- JenaLeipzig funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) – FZT 118.

References
Alzate, A. et al. 2017. Interspecific competition counteracts negative effects of dispersal on adaptation of an arthropod herbivore
to a new host. – J. Evol. Biol. 30: 1966–1977.
Alzate, A. et al. 2019. Experimental island biogeography demonstrates the importance of island size and dispersal for the adaptation to novel habitats. – Global Ecol. Biogeogr. 28: 238–247.
Alzate, A. et al. 2020. Data from: The role of preadaptation, propagule pressure and competition in the colonization of new
habitats. – Dryad Digital Repository, <http://dx.doi.
org/10.5061/dryad.bg79cnp7m>.
Bancroft, J. S. and Margolies, D. C. 1999. An individual-based
model of an acarine tritrophic system: lima bean, Phaseolus
lunatus L., twospotted spider mite, Tetranychus urticae (Acari:
Tetranychidae) and Phytoseiulus persimilis (Acari: Phytoseiidae).
– Ecol. Model. 123: 161–181.

827

Bates, D. et al. 2015. Fitting linear mixed-effects models using
lme4. – J. Stat. Softw. 67: 1–48.
Blackburn, T. M. and Duncan, R. P. 2001. Determinants of establishment success in introduced birds. – Nature 414: 195–197.
Bonato, O. 1999. The effect of temperature on life history parameters of Tetranychus evansi (Acari: Tetranychidae). – Exp. Appl.
Acarol. 23: 11–19.
Bonte, D. et al. 2010. Local adaptation of aboveground herbivores
towards plant phenotypes induced by soil biota. – PLoS One
5: e11174.
Brady, S. P. et al. 2019a. Causes of maladaptation. – Evol. Appl.
12: 1229–1242.
Brady, S. P. et al. 2019b. Understanding maladaption by uniting
ecological and evolutionary perspectives. – Am. Nat. 194:
495–515.
Carson, H. L. and Templeton, A. R. 1984. Genetic revolutions is
relation to speciation phenomena: the founding of new populations. – Annu. Rev. Ecol. Syst. 15: 97–132.
Cassey, P. et al. 2018. Dissecting the null model for biological invasions: a meta-analysis of the propagule pressure effect. – PLoS
Biol. 16: e2005987.
Colautti, R. I. and Barrett, S. C. H. 2013. Rapid adaptation to
climate facilitates range expansion of invasive plant. – Science
342: 364–366.
De Roissart, A. et al. 2015. Spatial and spatiotemporal variation in
metapopulation structure affects population dynamics in a passive dispersing arthropod. – J. Anim. Ecol. 84: 1565–1574.
Delaux, P. et al. 2015. Algal ancestor of land plants was preadapted
for symbiosis. – Proc. Natl Acad. Sci. USA 112: 13390–13395.
Dermauw, W. et al. 2018. Does host plant adaptation lead to pesticide resistance in generalist herbivores? – Curr. Opin. Insect
Sci. 26: 25–33.
Dlugosch, K. M. and Parker, I. M. 2007. Molecular and quantitative trait variation across the native range of the invasive species
Hypericum canariense: evidence for ancient patterns of colonization via pre-adaptation? – Mol. Ecol. 16: 4268–4282.
Donoghue, M. J. 2008. A phylogenetic perspective on the distribution of plant diversity. – Proc. Natl Acad. Sci. USA 105:
11549–11555.
Dressler, M. D. et al. 2019. Timing between successive introduction
events determines establishment success in bacteria with Allee
effect. – Proc. R. Soc. B 286: 20190598.
Edwards, E. J. and Donoghue, M. J. 2013. Is it easy to move
and easy to evolve? Evolutionary accessibility and adaptation.
– J. Exp. Bot. 64: 4047–4052.
Egas, M. and Sabelis, M. W. 2001. Adaptive learning of host preference in a herbivorous arthropod. – Ecol. Lett. 4: 190–195.
Ellstrand, N. and Elam, D. 1993. Population genetic consequences
of small population size: implication for plant conservation.
– Annu. Rev. Ecol. Syst. 24: 217–242.
Fahrig, L. 1997. Relative effects of habitat loss and fragmentation
on species extinction. – J. Wildl. Manage. 61: 103–610.
Ferragut, F. et al. 2013. The invasive spider mite Tetranychus evansi
(Acari: Tetranychidae) alters community composition and host–
plant use of native relatives. – Exp. Appl. Acarol. 60: 321–341.
Godihno, D. P. et al. 2016. Down-regulation of plant defence in a
resident spider mite species and its effect upon con- and heterospecifics. – Oecologia 180: 161–167.
Gotoh, T. et al. 1993. Host race formation in Tetranychus urticae
– genetic differentiation, host-plant preference and mate choice
in a tomato and cucumber strain. – Entomol. Exp. Appl. 68:
171–178.

828

Gould, F. 1979. Rapid host range evolution in a population of a
phytophagous mite Tetranychus urticae Koch. – Evolution 33:
791–802.
Grbić, M. et al. 2011. The genome of Tetranychus urticae reveals
herbivorous pest adaptations. – Nature 479: 487–492.
Hamilton, J. A. et al. 2015. The role of climate adaptation in colonization success in Arabidopsis thaliana. – Mol. Ecol. 24:
2253–2263.
Helle, W. and Sabelis, M. W. (eds) 1985. Spider mites. Their biology, natural enemies and control. Volume 1 of the Series: world
crop pests. – Elsevier.
Hendry, A. P. 2019. A critique for eco-evolutionary dynamics.
– Funct. Ecol. 33: 84–94.
Hothorn, T. et al. 2008. Simultaneous inference in general parametric models. – Biometrical J. 50: 346–363.
Joshi, A. and Thompson. J. N. 1996. Evolution of broad and specific competitive abilityu in novel versus familiar environments
in Drosophila species. – Evolution 50: 188–194.
Kant, M. R. et al. 2008. Intraspecific variation in a generalist herbivore accounts for differential induction and impact of host
plant defences. – Proc. R. Soc. B 275: 443–452.
Kant, M. R. et al. 2015. Mechanisms and ecological consequences
of plant defence induction and suppression in herbivore communities. – Ann. Bot. 115: 1015–1051.
Koontz, M. J. et al. 2018. Parsing propagule pressure: number, not
size, of introductions drives colonization success in a novel environment. – Ecol. Evol. 17: 8043–8054.
Kuznetsova, A. et al. 2017. lmerTest package: tests in linear mixed
effects models. – J. Stat. Softw. 82: 1–26.
Lenth, R. V. 2016. Least-squares means: the R package lsmeans.
– J. Stat. Softw. 69: 1–33.
Li, S. et al. 2015. The effects of phylogenetic relateness on invasion
success and impact: deconstructing Darwin’s naturalization
conundrum. – Ecol. Lett. 18: 1285–1292.
Lockwood, J. L. et al. 2005. The role of propagule pressure in
explaining species invasions. – Trends Ecol. Evol. 20: 223–228.
Magalhães, S. et al. 2007. Adaptation in a spider mite population
after long term evolution on a single host plant. – J. Evol. Biol.
20: 2016–2027.
Magalhães, S. et al. 2011. Environmental effects on the detection
of adaptation. – J. Evol. Biol. 24: 2653–2662.
Maron, J. L. 2006. The relative importance of latitude matching
and propagule pressure in the colonization success of an invasive
forb. – Ecography 29: 819–826.
Mitchell, R. 1973. Growth and population dynamics of a spider
mite (Tetranychus urticae K., Acarina: Tetranychidae). – Ecology
54: 1349–1355.
Nacimiento de Vasconcelos, G. J. et al. 2008. Life history of the
predatory mite Phytoseiulus fragariae on Tetranychus evansi and
Tetranychus urticae (Acari: Phytoseiidae, Tetranychidae) at five
temperatures. – Exp. Appl. Acarol. 44: 27–36.
Navajas, M. et al. 2013. Review of the invasion of Tetranychus
evansi: biology, colonization pathways, potential expansion and
prospects for biological control. – Exp. Appl. Acarol. 59: 43–65.
Newman, D. and Pilson, D. 1997. Increased probability of extinction
due to decreased genetic effective population size: experimental
populations of Clarkia pulchella. – Evolution 51: 354–362.
Onstein, R. E. et al. 2014. Diversification rate shifts in the Cape
Floristic Region: the right traits in the right place at the right
time. – Perspect. Plant Ecol. Evol. Syst. 16: 331–340.
Peniston, J. H. et al. 2019. Pulse immigration events can facilitate
adaptation to harsh sink environments. – Am. Nat. 194: 316–333.

Sabelis, M. W. and van der Meer, J. 1986. Local dynamics of the
interaction between predatory mites and two-spotted spider
mites. XII. – In: Metz, J. A. J. and Diekmann, O. (eds), The
dynamics of physiologically structure populations. Springer,
pp. 322–344.
Sabelis, M. W. et al. 1991. Metapopulation persistence despite local
extinction: predator–prey patch models of the Lotka–Volterra
type. – Biol. J. Linn. Soc. 42: 267–283.
Sarmento, R. A. et al. 2011a. A herbivorous mite down-regulates
plant defence and produces web to exclude competitors. – PLoS
One 6: 8–14.
Sarmento, R. A. et al. 2011b. A herbivore that manipulates plant
defence. – Ecol. Lett. 14: 229–236.
Sato, Y. et al. 2014. Testing for reproductive interference in the
population dynamics of two congeneric species of herbivorous
mites. – Heredity 113: 495–502.
Siepielski, A. et al. 2016. Experimental evidence for an eco-evolutionary coupling between local adaptation and intraspecific
competition. – Am. Nat. 187: 447–456.

Simberloff, D. 2009. The role of propagule pressure in biological
invasions. – Annu. Rev. Ecol. Evol. Syst. 40: 81–102.
Simpson, G. G. 1953. The major features of evolution. – Columbia
Univ. Press.
Strauss, S. Y. 2014. Ecological and evolutionary responses in complex communities: implications for invasions and eco-evolutionary feedbacks. – Oikos 123: 257–266.
Vahsen, M. L. et al. 2018. Prior adaptation, diversity and introduction frequency mediate the positive relationship between propagule pressure and the initial success of founding populations.
– Biol. Invas. 20: 2451–2459.
Van Leeuwen, T. and Dermauw, W. 2016. The molecular evolution
of xenobiotic metabolism and resistance in Chelicerate mites.
– Annu. Rev. Entomol. 61: 475–498.
Wiegand, T. et al. 2005. Effects off habitat lost and fragmentation
on population dynamics. – Conserv. Biol. 19:108–121.
Wittmann, M. J. et al. 2014. Decomposing propagule pressure: the
effects of propagule size and propagule frequency on invasion
success. – Oikos 123: 441–450.

Supplementary material (available online as Appendix oik06871 at < www.oikosjournal.org/appendix/oik-06871 >).
Appendix 1.

829

