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CChapter 4 

CHAPTER 4 
Transient local adaptation and source-sink dynamics in experimental 
populations experiencing spatially heterogeneous environments  

AABSTRACT 

Local adaptation is determined by the strength of selection and the level of gene flow 
within heterogeneous landscapes. The presence of benign habitat can act as an 
evolutionary stepping stone for local adaptation to challenging environments by 
providing the necessary genetic variation. At the same time, migration load from 
benign habitats will hinder adaptation. In a community context, interspecific 
competition is expected to select against maladapted migrants, hence reducing 
migration load and facilitating adaptation. As the interplay between competition and 
spatial heterogeneity on the joint ecological and evolutionary dynamics of 
populations is poorly understood, we performed an evolutionary experiment using 
the herbivore spider mite Tetranychus urticae as a model.  
We studied the species’ demography and local adaptation in a challenging 
environment that consisted of an initial sink (pepper plants) and/or a more benign 
environment (cucumber plants). Half of the experimental populations were exposed 
to a competitor, the congeneric T. ludeni.  
We show that while spider mites only adapted to the challenging pepper environment 
when it was spatially interspersed with benign cucumber habitat, this adaptation was 
only temporary and disappeared when the populations in the benign cucumber 
environment were expanding and spilling-over to the challenging pepper 
environment. Although the focal species outcompeted the competitor after about 
two months, a negative effect of competition on the focal species’ performance 
persisted in the benign environment. 
Adaptation to challenging habitat in heterogeneous landscapes thus highly depends 
on demography and source-sink dynamics, but also on competitive interactions with 
other species, even if they are only present for a short time span. 
 
KKey words - Local adaptation, source-sink dynamics, spatial sorting, heterogeneous 
habitats, spider mites, Tetranychus urticae
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IINTRODUCTIONN 

Local adaptation is a major driver of range expansion and invasion (Weiss-Lehman et 
al., 2019). Species that colonise new areas outside their native range are likely to end-
up in novel, often heterogeneous environments. The persistence and establishment 
of populations in these new environments does not only depend on the number of 
founders, but also on the local environmental filter, which may be overcome by 
adaptation (Renault et al. et al., 2017). Moreover, persistence will be 
facilitated by fitness stabilising mechanisms following resource partitioning where 
individuals or species specialise in either a genetic or plastic way on different 
resources in a patch (Amarasekare, 2003; Jeltsch et al., 2013). 

The distribution of species is not restricted to areas where expected fitness is positive. 
While dispersing, species also come into contact with marginal and even completely 
unsuitable habitat but may reach substantial local population sizes there via spill-over 
effects. Species may therefore be ecologically rescued in marginal habitat by source-
sink dynamics (Kawecki, 2000, 2008; Kawecki & Ebert, 2004). Dispersal towards these 
harsher habitats may be beneficial to escape strong competition with superior 
individuals or species. This will equalise fitness across habitats and promote regional 
coexistence (Jeltsch et al., 2013; Furrer & Pasinelli, 2016). These habitats differ not 
only in their local conditions but also in their connectedness (Fahrig, 2002), rendering 
insights from source-sink theories useful to understand demography. The extent of 
fragmentation as reflected by the number, size, and connectedness of habitats will 
strongly affect dispersal and drift, and therefore local adaptation (Legrand et al., 
2017; Bonte et al., 2018). Connectedness may facilitate this local adaptation if 
standing genetic variation is maintained in connected but less challenging habitats, 
i.e. under moderate dispersal, sink populations may undergo evolutionary rescue. 
However, too much gene flow is known to hamper adaptation [migration load; 13,14]. 
In these situations, persistence is more likely due to ecological rescue alone (Kawecki, 
2000; Chevin & Lande, 2011). Intermediate amounts of dispersal are therefore 
thought to be most beneficial for evolutionary rescue (Ching et al., 2012), depending 
on the dispersal-selection balance (Forester et al., 2016).
Ecological rescue by dispersal from source populations is, in the long run, unstable 
unless further adaptation occurs (Brown & Kodric-Brown, 1977; Carlson et al., 2014; 
Fitzpatrick et al., 2016). This evolutionary rescue is more successful when the
stressors imposed by the habitat are organised along gradients (Bell & Gonzalez, 
2011). Such gradients result in shallower selection clines, and hence, maintain the 
genetic variation needed to fuel further adaptations along the gradient. The presence 
of moderately challenging habitat is especially beneficial for persistence if general, 
rather than specialised stress responses can evolve (Parsons, 1990), e.g. when there 
is selection for phenotypes that are able to deal with a broad array of the stressor 
and/or perform well in several habitats (generalism) (Ketola et al., 2013). An example 
of a general stress response is fluctuating temperatures leading to thermal generalism 
(Ketola et al., 2013).
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Species usually colonise environments that are inhabited by other species. The 
presence of heterospecific competitors is known to complicate the processes of local 
adaptation, species persistence and coexistence (Turcotte et al., 2012). Species 
interactions will affect the strength of the local selection pressures, thereby 
accelerating or decelerating adaptation rates (Johansson, 2007; Osmond & de 
Mazancourt, 2013; Siepielski et al., 2016; Alzate et al., 2017). Higher adaptation rates 
are expected when selection pressures imposed by competition overcome the 
negative effects of lower population sizes as long as traits for adaptation to new 
habitats and for higher competitive fitness are aligned (Osmond & de Mazancourt, 
2013). Even species that are driven to extinction – these are called ghost species – 
can have long-term evolutionary impact because they may create habitat 
modifications or evolutionary changes during their episodes of existence in the 
community (Law & Daniel Morton, 1996; Miller et al., 2009; Mallon et al., 2018).  
 
Environmental heterogeneity and competition are thus anticipated to affect the 
process of local adaptation to novel habitats, but to our knowledge, they have not 
been simultaneously studied experimentally. Here we present the results of an 
evolutionary experiment in which the two-spotted spider mite (Tetranychus urticae) 
is transferred towards homogeneous or mixed sets of host species with or without 
the congeneric competitor, T. ludeni. We test the prediction that adaptation to the 
challenging pepper plants is more likely in the heterogeneous environment by 
evolutionary and ecological rescue. We furthermore expect interspecific competition 
to promote the exploitation of challenging resources and consequently to lead to 
faster adaptation to the challenging environment. We here confirm these predictions 
but highlight the non-trivial pathways leading to persistence in marginal habitats. 
  
METHODS 

Study species 
The species for this study are members of the family Tetranychidae (Acari, Arachnida): 
the two-spotted spider mite, Tetranychus urticae Koch (focal species), and the red-
legged spider mite, Tetranychus ludeni Zacher (congeneric competitor). Large 
populations can be easily maintained due to their small body sizes (ca. 0.4 mm). Their 
short generation times, high performance, fast responses to selection and high levels 
of standing genetic variation (Gould, 1979; Fry, 1989; Zhang, 2003; Magalhães et al., 
2007; Belliure et al., 2010; Bonte et al., 2010), render spider mites highly suitable for 
experimental evolution. 
 
Experimental set-up  
The experimental set-up is visualised in Fig. S1. We created thirteen inbred lines of T. 
urticae by mother-son mating. These lines were already highly inbred from previous 
experiments (Bitume et al., 2013). The initial population for these inbred lines was the 
LS-VL line, which started from about 5000 spider mites collected from roses in 
October 2000. They were afterwards maintained on bean plants, Phaseolus vulgaris 
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‘Prelude’. We tried to create thirteen inbred lines for the competitor (T. ludeni) as 
well, but we failed because of low fertility and early mortality. Therefore, we created 
only six inbred lines of the competitor which were also kept on Phaseolus vulgaris 
‘Prelude’. We chose these strongly inbred lines to create similar gene pools for the 
evolutionary experiment and thereby reduce variability in outcomes simply due to 
variability in starting genetic variation.

We were interested in the effect of spatial heterogeneity and the impact of an 
interspecific competitor on adaptation to novel environments. Environmental 
variation was created by using different host plants, which served as resources to the 
mites. To investigate the effect of the resources, we created independent 
experimental units (‘islands’) that each contained several plants among which 
dispersal was possible. Islands consisted of either four three-week-old cucumber 
plants, Cucumis sativus ‘Tanja’, four five-week-old pepper plants, Capsicum annuum 
‘California Wonder’, or a mixture with two cucumber and two pepper plants. All plants 
within the islands were in direct contact with each other. Cucumber is the more 
palatable of the two and hence hypothesised to present an ecological source and a 
possible evolutionary stepping-stone to adaptation to pepper. To prevent spider 
mites from crossing between islands, the bottom of the boxes with plants was 
covered with yellow sticky paper (Pherobank) and the walls were covered with 
Vaseline. This method was effective in previous work (Alzate et al., 2017). To examine 
the impact of the competitor, twenty-four islands received only T. urticae (eight 
replicates for each treatment: homogeneous cucumber, homogeneous pepper, and 
the mixture), and another twenty-four also received the heterospecific T. ludeni. We 
initiated each island with 52 adult females. Islands without interspecific competition 
received four adult females from each of the thirteen inbred lines of our focal species, 
and islands with interspecific competition received two adult females from the same 
inbred lines, supplemented with twenty-six adult females of the competitor, T. ludeni. 
Twelve of the T. ludeni females were from the six successful inbred lines, whilst the 
fourteen others were taken from the stock population that was kept on bean. The 
initial population size of 52 adult females was chosen because natural populations 
colonise plants at low population sizes and it was found that inbreeding does not 
influence genetic trait variation in T. urticae (Van Petegem et al., 2018). We created a 
control population on bean that was initiated with the same isogenic lines from T. 
urticae.

Every week, we assessed the deterioration of the plants in the islands. When 
necessary, the two oldest plants were replaced by two new plants. This way of 
refreshment guaranteed enough time for the mites to move towards the fresh plants 
and also for a generation of mites to develop. Although half of the plants per island 
were removed, this was much less than half of the population as most mites did not 
prefer to stay on the deteriorated plants. Therefore, this replacement protocol was 
preferred over fixed intervals regardless of the state of deterioration. The 
temperature in the climate-controlled room was 25-30°C and the light regime was 
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16:8 LD. For logistical reasons, we performed the experiment in two blocks with four 
replicates per treatment (hereafter ‘blocks’). The experiment lasted for ten months 
which is equivalent to about 25 generations, considered to be sufficiently long to 
detect local adaptation in this species (Gould, 1979; Fry, 1989; Magalhães et al., 2007, 
2009; Bonte et al., 2010). 
 
Measurements 
For the ecological dynamics, the density of mites per unit surface was tracked. Density 
of individuals per unit of resource is a better representation of the current 
competition than total population size. We assessed the density on the islands every 
two weeks by counting the number of adult females on a 1-cm²-square next to the 
stalk of the highest fully-grown leaf of the newest plants of the island. A specific 
location standardises the measurements and enables a more reliable comparison in 
time. Both the abaxial and the adaxial side of the leaf were measured and the 
numbers summed.  
We assessed evolutionary dynamics in performance by measuring fecundity. We 
chose fecundity as a proxy of adaptation because previous research demonstrated it 
to be the best predictor of adaptation compared to survival or development 
(Magalhães et al., 2007; Alzate et al., 2017, 2019). From here on we refer to 
“fecundity” and “performance” interchangeably. We sampled five T. urticae females 
from each plant species per island at 2, 4, 6, 8 and 10 months during the experiment. 
We placed them on bean leaf discs for two generations to standardise juvenile and 
maternal effects (Magalhães et al., 2011; Kawecki et al., 2012). These bean leaf discs 
(17 x 27 mm²) were surrounded by paper strip borders in Petri dishes with wet cotton 
wool. From this last generation, three quiescent deutonymph females were taken and 
placed separately each with an adult male from the same leaf on, respectively, a bean, 
cucumber and pepper leaf (same set-up as for common garden) in a climate cabinet 
at 30°C. The number of eggs and larvae after six days was assessed with daily pictures 
(hereafter referred to as ‘performance’) and females that drowned before the sixth 
day were excluded from the analysis. 
 
Statistical analysis 
We first computed the goodness-of-fit of various parametric distributions to our 
performance data, separately for each plant species on which the performance was 
assessed. Based on these results, we chose a Gaussian distribution for the data from 
bean and cucumber, while the best-fitting distribution for performance on pepper 
was a zero-inflated negative binomial distribution with log link function, because of 
overdispersion in these data. The variance was determined as μk in which μ is the 
mean and k is the overdispersion parameter (linear-variance parametrisation). We 
chose a single zero-inflation parameter because the overall percentage of zeroes per 
month in the dataset did not change in time. We tested this with a linear model (95% 
confidence interval = [60.83; 79.47]; Z = 1.268; p = 0.205). These distributions were 
used in generalised linear mixed models (GLMM).  

142434-Bisschop_BNW.indd   92 24-02-20   10:22



                         Source-sinkk andd transientt locall adaptationn                         

To control for changes in performance caused by different leaf qualities between 
assessed time points, we investigated differences in performance between the 
control population and the experimental populations through time for each plant 
species (bean, cucumber, and pepper). We expected no differences in performance 
through time for the control population because they have always been maintained 
on bean plants. The dependent variable was performance (i.e., fecundity, number of 
eggs laid after six days), and the fixed explanatory variables were time, main 
treatment (control or experiment, i.e. both pepper and cucumber) and the time-by-
treatment interaction. Because the replicates were split into two blocks for logistical 
reasons, we nested the islands in blocks that were treated as a random variable in the 
statistical model. Model selection was based on the lowest AICc and the pairwise 
comparisons of the least square means were adjusted for multiple comparisons based 
on Tukey’s method. For an overview of the importance of the separate independent 
variables and their interactions, we also performed Wald Chi-square tests of the 
maximal model. Time was treated as a categorical variable (2, 4, 6, 8 and 10 months) 
rather than a continuous variable, because we cannot assume a linear response of 
adaptation and because leaf quality for the fecundity tests might change in time.

To determine the effect of interspecific competition and habitat heterogeneity on 
adaptation through time, we built a GLMM per plant species with performance 
(number of eggs laid after six days) as the dependent variable. The fixed explanatory 
variables in the full model were time, treated as a categorical variable (2, 4, 6, 8 and 
10 months), interspecific competition, also treated as a categorical variable (presence 
or absence of T. ludeni), and the combination of the homogeneity or heterogeneity 
of the island with the plant where the females were sampled from (homogeneous 
from cucumber, heterogeneous from pepper and heterogeneous from cucumber). 
The populations on the homogeneous pepper islands were not able to survive, so they 
were not considered. The random variables were the different islands nested within 
the two blocks. Model selection was based on the lowest AICc and Wald Chi-square 
tests were performed on the maximal model. The pairwise comparisons of the least 
square means were adjusted for multiple comparisons based on Tukey’s method.

A final test was performed in which we were interested in potential differences 
between the plant species within the heterogeneous islands. The model included 
performance as the dependent variable and the fixed effects were the plant species 
(cucumber or pepper) and the time (2, 4, 6, 8 and 10 months), both treated as 
categorical variables. The different islands nested within the blocks were random 
variables. We performed Wald Chi-square tests of the independent variables of the 
maximal model. Least square means between the different plant species were 
computed in which the p-values were adjusted for multiple comparisons based on 
Tukey’s method.
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The estimates provided in the tables are the raw and untransformed estimates for the 
fixed effects of the final models, of which the one for performance on pepper has a 
negative binomial error distribution. 
All analyses were performed in R (version 3.5.1) with glmmTMB version 0.2.2.0 
(Brooks et al., 2017), MuMIn version 1.42.1 , emmeans version 1.2.4 
(Lenth, 2019a), fitdistrplus version 1.0-11 (Delignette-Muller, 2015), tseries version 
0.10-45 (Trapletti & Hornik, 2018).
 
RESULTSS 

Our main findings are four-fold: 1) Mites adapted to the most benign habitat 
(cucumber) in both homogeneous and heterogeneous environments. 2) Populations 
in the sink habitat (pepper) established in heterogeneous environments only. 3) 
Temporary local adaptation in the sink habitat (pepper) occurred within 
heterogeneous environments. 4) Competition negatively affected performance on 
the ancestral habitat (bean), but not on the novel habitats (cucumber, pepper). Below 
we detail these findings.

Plant resources heterogen. cucumber heterogen. pepper homogen. cucumber
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Fig.. 1.. Evolutionaryy andd ecologicall dynamics. (A) Population densities (i.e. adult females per cm²) 
on homogeneous cucumber plants (dark green), heterogeneous cucumber (light green) and 
pepper (purple) plants. (B) Changes in performance (i.e. number of eggs after six days) tested 
on pepper plants per time point. The different colours represent mites taken from the 
homogeneous cucumber plants (dark green), the heterogeneous cucumber plants (light green), 
heterogeneous pepper plants (purple) or bean plants (control; black). In both panels, the black 
vertical line indicates the four months mark, where a fecundity test was performed and a 
significantly higher performance of mites taken from pepper compared to cucumber was 
found. The grey zone shows the time between the assessments on four and six months.
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Ecological dynamics
In the heterogeneous islands, the focal species’ population density on cucumber 
increased immediately, while the density on pepper initially remained stable at about 
five adult females per cm². After two months - the density on cucumber had already 
reached about 15 adult females per cm2 - a steep increase was observed on both plant 
species (Fig. 1A). Mites reached higher densities in the homogeneous islands more 
rapidly, but the densities levelled off to similar values as on the heterogeneous islands 
(Fig. 1).
The populations of our focal species, Tetranychus urticae, and the competitor, T. 
ludeni, on the homogeneous pepper islands went extinct after a few weeks. 
Therefore, we were unable to perform fecundity tests on populations from the 
homogeneous pepper islands. Pepper habitat thus represented a true sink habitat 
where neither species could persist. On the homogeneous cucumber islands and the 
heterogeneous islands, the interspecific competitor, T. ludeni, could not survive and 
went extinct after about two months. 

Ancestral vs. novel host plants
Treatment: control experiment
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Fig.. 
2.. Evolutionaryy dynamicss forr controll andd experimentall populations. Changes in performance (i.e. 
number of eggs after six days). (A; assessed on bean) Time, origin (control or experiment) and 
their interaction significantly affect performance. The black letters indicate significant 
differences in time for the control and in blue for the experiment; the asterisk shows the 
difference between both treatments. (B; assessed on cucumber) Only treatment affects 
performance significantly, which is visualised in the inserted plot). (C; assessed on pepper) Only 
time has a significant effect on performance as indicated in the inserted plot. The violin plots 
show the observed data, while the points and lines show the mean model estimates and their 
95% confidence interval respectively.
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We detected a signal of local adaptation for the populations on cucumber; 
populations taken from the novel host plants (cucumber and/or pepper) evolved a 
ten percent higher fecundity on the cucumber leaves than the control population 
(kept on bean), independent of time (Z = 2.544 and p = 0.011; Fig.2B; Table 1, S1 and 
S2). When assessed on bean leaves, populations from the novel host plants 
(cucumber and/or pepper) showed an overall performance similar to the control 
population, indicating no loss of adaptation to the original host (bean). In fact, they 
even reached higher fecundity (an increase of sixteen percent) than the control at 
four months (Z = 2.266 and p = 0.0234; Fig. 2A; Table 1, S1 and S2). On pepper, the 
populations from the novel environments (cucumber and/or pepper) performed as 
badly as the control population, indicating no local adaptation to the pepper plants 
(Fig. 2C; Table 1, S1 and S2). 

Table 1: SSummaryy off thee finall GLMM explainingg totall performancee forr comparisonn off 
thee experimentall andd ancestrall populationn inn time. (A) Fecundity assessed on bean: 
the final model included time, the origin of the mite (experiment or control) and their 
interaction; (B) Fecundity assessed on cucumber: mites from the experiment 
performed significantly better; (C) Fecundity assessed on pepper: no difference 
between control and experimental populations was found, only time had a significant 
negative effect.

Estimate Std. error Z value Pr (>|z|)
A: Bean (Intercept) 47.5620 4.2964 11.070 < 2e-16 **** 

4 months -7.1388 3.8591 -1.850 0.0643 .. 
6 months -4.2116 3.8049 -1.107 0.2683  
8 months -0.8783 3.8049 -0.231 0.8174  
10 months -18.4544 3.9770 -4.640 3.48e-06 **** 
Experiment -3.5087 3.3864 -1.036 0.3001  
4 months : exp. 10.9829 4.1670 2.636 0.0084 *** 
6 months : exp. 4.1284 4.1055 1.006 0.3146  
8 months : exp. 0.1652 4.0926 0.040 0.9678  
10 months : exp. 8.8113 4.2952 2.051 0.0402 ** 

B: Cucumber (Intercept) 28.869 1.211 23.846 <2e-16 **** 
Experiment 2.889 1.136 2.544 0.011 ** 

C: Pepper (Intercept) 1.9886 0.1101 18.063 < 2e-16 **** 
4 months -0.8767 0.1926 -4.552 5.32e-06 **** 
6 months -1.4587 0.2074 -7.035 1.99e-12 **** 
8 months -0.6534 0.1529 -4.274 1.92e-05 **** 
10 months -1.5919 0.2145 -7.421 1.17e-13 **** 

Interspecific competition and time
We found an effect of time and interspecific competition on the performance 
measured on bean for the experimental populations (Fig. 3A; Table 2, S1 and S2). All 
populations, including the control population, had a lower performance in the last 
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month which seems to be due to differences in the quality of leaves used in the 
fecundity tests. Mites under interspecific competition laid significantly fewer eggs on 
bean, a decrease of eight percent, than those from the treatment with only 
intraspecific competition (Z = 2.901; p = 0.00371) (Table 2, S1 and S2). These relative 
differences in performance are probably due to drift effects caused by a lower 
number of founders in the islands with interspecific competition than in those with 
only intraspecific competition. The presence of interspecific competition was the only 
explanatory variable in the best model on cucumber, but the difference between both 
treatments was not significant (Z = 1.51; p = 0.132) (Fig. 3B; Table 2, S1) and just not 
significant in the Chi-square test (p = 0.089; Table S2).
Fecundity on pepper decreased in time and seemed to coincide with population build-
up (Fig. 3C; Table 2, S1 and S2), which is similar to the control population. The 
observed performance on pepper was lowest after ten months. No effect of 
interspecific competition on pepper was found.

Competition: inter- and intraspecific intraspecific
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Fig.. 3.. Evolutionaryy dynamicss forr experimentall populations. Changes in performance (i.e. 
number of eggs after six days). (A; assessed on bean) The time and the presence or absence of 
interspecific competition significantly affect performance. The black letters indicate significant 
differences in time. Mites under interspecific competition had a significantly lower 
performance. (B; assessed on cucumber) Only competition was included in the final model, 
which is visualised in the inserted plot. (C; assessed on pepper) Only time has a significant effect 
on performance as indicated in the inserted plot. The violin plots show the observed data, while 
the points and lines show the mean model estimates and their 95% confidence interval 
respectively.

Comparison between mites taken from cucumber and pepper in heterogeneous islands
Overall, we did not find significant differences between mites sampled from the 
cucumber and pepper plants within the same heterogeneous islands for performance 
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on the initial host plant, bean, and the novel host plant, cucumber. However, we did 
detect a transient signal of local adaptation. At four months, mites sampled from 
pepper plants had a significantly higher fecundity on pepper, an increase of 44 
percent, than the mites sampled from cucumber from the same island (Z = -2.546; p 
= 0.0109) (Fig. 1B). This signal vanished after six months. By contrast, mites sampled 
from cucumber did not perform better on cucumber than mites sampled from pepper 
at any point in time.

Table 2: SSummaryy off thee finall GLMM explainingg thee totall performancee off thee experimentall 
populationss (includingg heterogeneouss andd homogeneouss populations). (A) Fecundity assessed 
on bean: time significantly influenced the performance and the absence of T. ludeni had a 
significant positive effect on performance; (B) Fecundity assessed on cucumber revealed no 
significant differences; (C) Fecundity assessed on pepper showed a significant effect of time.

Estimate Std. error Z value Pr (>|z|)
A: Bean (Intercept) 42.4354 3.4129 12.434 < 2e-16 ***

No Competition 3.4794 1.1992 2.901 0.00371 **
4 months 3.8220 1.5859 2.410 0.01595 *
6 months -0.1068 1.5565 -0.069 0.94531
8 months -0.6940 1.5215 -0.456 0.64831
10 months -9.8571 1.6390 -6.014 1.81e-09 ***

B: Cucumber (Intercept) 31.0613 0.8459 36.72 <2e-16 ***
No Competition 1.4345 0.9531 1.51 0.132 

C: Pepper (Intercept) 0.9428 0.1491 6.323 2.56e-10 ***
4 months -0.4258 0.1771 -2.404 0.0162 *
6 months -0.9496 0.1943 -4.887 1.02e-06 ***
8 months -0.1068 0.1545 -0.691 0.4896 
10 months -1.1249 0.2202 -5.108 3.26e-07 ***

 
DISCUSSIONN 

We have shown that the establishment of populations in novel environments 
depends on the tight interplay between transient ecological and evolutionary 
dynamics in response to the nature and diversity of the local conditions (here host 
plant identity). Establishment in the most challenging environment (pepper) was 
impossible when it was the only available one. However, when this marginal habitat 
was spatially interspersed with a more benign one (cucumber), establishment 
succeeded because rapidly expanding populations on the neighbouring benign 
habitat generated sufficient immigration. These source-sink dynamics thus initially 
created ecological rescue in the challenging environment. Evolutionary rescue, i.e. 
adaptation to the challenging environment, was, however, only transient. We 
speculate that this is because a further expansion of the source populations broke 
down adaptation through an influx of unadapted genes (i.e. genetic load).
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Although transient, the signal of adaptation in our heterogeneous habitat was 
convincing: mites that were sampled from pepper plants reached the highest 
performance on that host plant. The difference in performance on the two host plants 
suggests that dispersal was not random. A possible explanation is isolation by 
environment through biased dispersal (Jeltsch et al., 2013; Wang & Bradburd, 2014), 
as it is known that dispersal with habitat choice can favour rapid evolution (Jacob et 
al., 2017). Also, non-random dispersal might result from a competition-colonisation 
trade-off, as suggested by earlier dispersal experiments with this model species 
(Bonte et al., 2014). The general theory states that competitively inferior individuals 
may be better at colonisation (Calcagno et al., 2006), which could be consistent with 
our observations, as individuals on the more challenging pepper plants could be 
escaping competition on the less challenging and, therefore, more densely populated 
cucumber plants. Also, when negative frequency dependence is operating, invading 
lower population sizes could be beneficial if invaders are ecologically distinct. This 
non-random dispersal likely vanished after the first months and it was replaced by 
random spill-over from cucumber to pepper.

Overall, and independently of the exact mechanism, establishment on the less 
challenging cucumber habitat was essential as homogeneous-pepper populations 
became extinct. Therefore, we argue that the neighbouring populations on cucumber 
served as evolutionary stepping stones for evolutionary and ecological rescue (Brown 
& Kodric-Brown, 1977). The theory behind evolutionary stepping stones is illustrated 
by Bell and Gonzalez (Bell & Gonzalez, 2011): gradual adaptation maintains enough 
genetic variation for further adaptation. While likely a common mechanism in range 
expansions and invasions, empirical evidence is rare: Fitzpatrick and colleagues 
(Fitzpatrick et al., 2016) performed an experiment with translocations of Trinidadian 
guppies where they investigated the impact on downstream native populations. They 
found clear evidence that even low levels of gene flow from different ecotypes can 
assist small populations through ecological and evolutionary rescue.

The level of dispersal changed during the course of the experiment. This was 
demonstrated by the steep growth in population density on pepper plants tracking 
the growth in population density in the source. Source-sink dynamics [sensu 9] arose, 
in which the cucumber plants served as sources with a strongly positive ratio of birth 
and immigration relative to death and emigration, while the pepper plants functioned 
as sinks. This indicates that the initial adaptation to the challenging host plant through 
resource partitioning was counteracted by increasing levels of dispersal from the 
source. The enlarged dispersal occurred at a density of ten to fifteen adult females 
per square centimetre which is the same threshold found by Bitume and others 
(Bitume et al., 2013). This is in line with both theoretical predictions and some 
empirical work: local adaptation strongly depends on dispersal rates and limited gene 
flow is favoured (Kawecki & Ebert, 2004; Alzate et al., 2017, 2019). 
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Interestingly, while the competing species was driven to extinction after about two 
months, we still found a negative effect on performance on the initial host plant after 
ten months. It is surprising that we found no significant differences in the effects of 
competition on fecundity assessed on cucumber and pepper plants, as we expected 
maladaptation to new hosts to increase the effects of interspecific competition. Even 
though the competitor went extinct, ghost interactions are known to affect 
performance by a reduction in effective population size, and hence an increase in drift 
effects (Bisschop et al., 2019a). However, the differences in initial population sizes 
between both treatments could also have caused strong drift effects, thus overriding 
any signal from competition.  
 
Our study demonstrates transient adaptation in colonisation processes with episodes 
of higher potential for adaptation to extreme environments via a combination of 
ecological and evolutionary rescue. Persistent adaptation was however never 
achieved, presumably because it was eventually completely overruled by spill-over. 
While in a homogeneous challenging habitat none of the populations was able to 
establish, in heterogeneous habitats establishment did occur: less challenging habitat 
can host source populations that play an important role as evolutionary stepping 
stones for further adaptation to more challenging habitats, by generating moderate 
dispersal. Furthermore, we emphasise that too much dispersal is disadvantageous 
because it counteracts ongoing local adaptation, and that interspecific interactions 
impact these dynamics even beyond their extinction. To maintain biodiversity in our 
changing world, it is of utmost importance to understand which factors affect local 
adaptation. As populations are not able to establish in homogenous landscapes 
consisting of marginal habitat, persistence can be ensured in intermediately 
connected landscapes where some patches of good quality may serve as enhancers 
of local adaptation to more marginal habitat.  
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SUPPLEMENTARYY INFORMATIONN 
Table S1: MModell selectionn forr thee fecundityy tests. Overview of the best models based on the 
lowest AICc with an AICc weight of at least 0.100. The total number of models was five in the 
control population and nineteen for experimental populations. Resource in the model is the 
homogeneous or heterogeneous environment and plant species where the mite came from.

Model df LogLik AICc AICc weight
Ancestrall versuss novell hostt plants 
maximall model:: performancee ~~ timee ** eexperiment/controll ++ (1|block/island)) 
Bean Timee ** Experiment/Control 13 -4797.299 9620.9 0.00 0.622

Time 8 -4803.254 9622.6 1.72 0.264

Time + Experiment/Control 9 -4803.081 9624.3 3.40 0.114
Cucumber Experiment/Control 5 -4079.505 8169.1 0.00 0.668

No fixed variables 4 -4081.728 8171.5 2.43 0.199

Pepper

Time 9 -1466.831 2951.8 0.00 0.642

Time + Experiment/Control 10 -1466.640 2953.5 1.66 0.281
Interspecificc competitionn andd time 
maximall model:: performancee ~~ competitionn ** resourcee ** timee + (1|block/island) 
Bean CCoommppeettiittiioonn ++ TTiimmee 9 -4108.458 8235.1 0.00 0.755

Competition + Time + Resource 11 -4108.178 8238.6 3.53 0.129
Cucumber Competition 5 -3482.708 6975.5 0.00 0.240

No fixed variables 4 -3483.866 6975.8 0.29 0.207

Competition * Resource 9 -3479.502 6977.2 1.72 0.101

Competition + Time 9 -3479.509 6977.2 1.74 0.101
Pepper Time 8 -1291.881 2599.9 0.00 0.467

Resource + Time 10 -1290.537 2601.3 1.40 0.232

Competition + Time 9 -1291.831 2601.9 1.94 0.177
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Table S2: CChi-square statistics for the maximal models before model selection. The results for 
the Wald Chi-square tests are presented for the maximal models. The fist column with bean, 
cucumber, and pepper indicates the plant species where fecundity was measured on. 

Independent variables Chisq Df Pr(>Chisq) 
Ancestral versus novel host plants  
Bean 
 

Time 88.0081 4 <2.00E-16 *** 
Experiment/Control 0.3495 1 0.55441 
Time : Experiment/Control 11.6228 4 0.02039 * 

Cucumber Time 4.244 4 0.37399 
Experiment/Control 5.6337 1 0.01762 * 
Time : Experiment/Control 2.4356 4 0.65621 

 

Pepper Time 81.5728 4 <2e-16 *** 
Experiment/Control 0.2015 1 0.6535 

 

Time : Experiment/Control 5.7604 4 0.2178 
 

Interspecific competition and time  
Bean Resource 0.5778 2 0.749085 

 

Competition 8.7494 1 0.003097 ** 
Time 73.7348 4 3.69E-15 *** 
Resource : Competition 0.6358 2 0.727665 

 

Resource : Time 7.8797 8 0.445308 
 

Competition : Time 1.1322 4 0.889135 
 

Resource : Competition : Time 8.293 8 0.405389 
 

Cucumber Resource 1.6767 2 0.43243 
 

Competition 2.8922 1 0.08901 . 
Time 6.0704 4 0.19395 

 

Resource : Competition 4.5489 2 0.10285 
 

Resource : Time 3.0794 8 0.92928 
 

Competition : Time 6.0623 4 0.19454 
Resource : Competition : Time 19.2584 8 0.01354 * 

Pepper Resource 3.3926 2 0.1834 
Competition 0.1135 1 0.7362 
Time 41.805 4 1.83E-08 *** 
Resource : Competition 0 2 1 
Resource : Time 6.4407 8 0.598 
Competition : Time 2.249 4 0.6901 
Resource : Competition : Time 7.4229 8 0.4918 

Comparison between mites taken from cucumber and pepper in heterogeneous islands  
Bean Host plant 0.0586 1 0.8087 

Time 45.3405 4 3.38E-09 *** 
Host plant : Time 3.9073 4 0.4187 

Cucumber Host plant 1.1013 1 0.294 
 

Time 4.74 4 0.315 
 

Host plant : Time 1.5975 4 0.8092 
 

Pepper Host plant 0.1153 1 0.73422 
 

Time 63.2495 4 6.01E-13 *** 
Host plant : Time 10.2238 4 0.03682 * 

142434-Bisschop_BNW.indd   102 24-02-20   10:22



                         Source-sinkk andd transientt locall adaptationn                         

Fii
g..

 S
1..

 T
hee

 e
xp

er
im

en
ta

ll s
et

-uu
p.

Ad
ul

t f
em

al
es

 fr
om

 1
3 

in
br

ed
 li

ne
s o

f T
. u

rt
ic

ae
 w

er
e 

eq
ua

lly
 d

iv
id

ed
 o

ve
r t

he
 d

iff
er

en
t t

re
at

m
en

ts
 to

 c
re

at
e 

th
e 

sa
m

e 
st

ar
tin

g 
ge

ne
tic

 v
ar

ia
tio

n.
 T

he
 t

re
at

m
en

ts
 w

er
e 

ho
m

og
en

eo
us

 is
la

nd
s 

w
ith

 c
uc

um
be

r o
r 

pe
pp

er
 (y

el
lo

w
 b

ox
), 

or
 h

et
er

og
en

eo
us

 w
ith

 t
he

 
co

m
bi

na
tio

n 
of

 th
e 

tw
o 

(b
ro

w
n 

bo
x)

. H
al

f o
f t

he
 is

la
nd

s 
w

as
 w

ith
ou

t i
nt

er
sp

ec
ifi

c 
co

m
pe

tit
io

n,
 w

hi
le

 th
e 

ot
he

r h
al

f w
as

 w
ith

. T
he

de
ns

ity
 o

f t
he

 
po

pu
la

tio
ns

 o
f 

m
ite

s 
w

as
 t

ra
ck

ed
 f

or
 e

co
lo

gi
ca

l d
yn

am
ics

 a
nd

 f
ec

un
di

ty
 t

es
ts

 w
er

e 
pe

rfo
rm

ed
 o

n 
th

e 
no

ve
l a

nd
 in

iti
al

 h
os

t 
pl

an
ts

 a
fte

r 
tw

o 
ge

ne
ra

tio
ns

 o
n 

th
e 

in
iti

al
 h

os
t p

la
nt

 fo
r h

om
og

en
isi

ng
 m

at
er

na
l e

ffe
ct

s.
 

142434-Bisschop_BNW.indd   103 24-02-20   10:22



  

142434-Bisschop_BNW.indd   104 24-02-20   10:22


	Chapter 4

