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Abstract Dispersal to new hosts is an important process for an invasive herbivore, such
as the two-spotted spider mite. A recent study, using artificial selection experiments, has
suggested that genetic variation and genetic trade-offs are present for propensity to dis-
perse in this species. However, due to the experimental setup alternative explanations for
the response to selection could not be ruled out. Using an altered setup, we investigated
whether the propensity for ambulatory dispersal differs genetically between individuals
and whether genetic correlations with life-history traits exist. Upward and downward
selection on propensity to leave the colony was performed for seven generations in four
replicate artificial selection experiments and the results were compared to control lines. No
consistent responses to selection were found and no significant effect on life-history traits
(oviposition rate, juvenile survival, development rate and number of adult offspring) or sex
ratio was present across the replicates. The data suggest that our base population of spider
mites harbours at best a low amount of additive genetic variation for this behaviour.
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Introduction

Many mite species live in transient habitats (Mitchell 1970; Kennedy and Smitley 1985).
The herbivorous two-spotted spider mite, Tetranychus urticae Koch, is subject to high
spatial and temporal variation in host plant availability and suitability. It can quickly
overexploit a host due to its high intrinsic rate of increase (Sabelis 1991). Also, predators
such as Phytoseiulus persimilis can eradicate local colonies of spider mites and survival of
the spider mite is then dependent on dispersal to neighbouring plants (Ellner et al. 2001).
Tetranychus urticae is recorded to feed on hundreds of plant species (Jeppson et al. 1975;
Bolland et al. 1998), but its performance differs greatly between hosts and unfavourable
hosts are often abandoned (Fry 1989; Yano et al. 1998). The mite also occurs globally as a
pest in agriculture and horticulture (Jeppson et al. 1975; Helle and Sabelis 1985), where
frequent crop harvesting and pesticide treatment are part of its environment and its dis-
persal rate varies greatly throughout the season (Hussey and Parr 1963; Brandenburg and
Kennedy 1982; Margolies and Kennedy 1985). Hence, dispersal is an essential process in
the ephemeral habitats colonized by T. urticae.

Metapopulation theory suggests that in species that live in unstable environments,
dispersal traits may be strongly related to life-history evolution, especially reproductive
traits (e.g., Olivieri et al. 1990; Ronce and Olivieri 1997). Empirical studies have dem-
onstrated the presence of genetic correlations between dispersal and reproductive traits in
various species (e.g., Roff and Fairbairn 2001; Fjerdingstad et al. 2007; Roff 2002). For the
case of T. urticae, recent work suggested a genetic trade-off between dispersal and
reproductive traits in this species (Yano and Takafuji 2002). Yano and Takafuji (2002)
performed artificial selection on the propensity for ambulatory dispersal, using a Japanese
population of T. urticae. They found differences in dispersal behaviour between upward
and downward selected lines. Also, the upward selected lines exhibited lower rates of
reproduction on some host plant species (albeit not on their original host), which suggests a
genetic trade-off may be present between dispersal and reproduction-related traits. How-
ever, the experimental set-up used may have led to other factors differentially influencing
the genetics of the selection lines. The two selection regimes differed in more than one
aspect from each other. Upward selection involved the choice between staying on an
overexploited dying leaf and walking over a bridge to a new food patch, and the first 20
females that dispersed via the bridge were chosen to produce the next generation.
Downward selection involved the choice between staying on an overexploited dying leaf
and walking into wet cotton wool (leading to a certain death), where the last 20 females
that remained on the leaf were chosen to produce the next generation. This latter treatment
not only selects against the propensity to walk into the water barrier, but also selects for
immobile adult females, which likely have different genetic bases and non-genetic bases
(e.g. disease) from propensity to leave the colony. Also, population sizes of the lines were
very low (20 females) and will have led to inbreeding and possibly drift (despite an
absence of significant differences between replicate lines in their statistical models). A
combination of these factors may account for (part of) the reported differences in direct and
indirect responses in the two treatments in their experiment. Since no control lines were
available, it is also not possible to determine which of the two treatments actually resulted
in a change.

Here, we report on a new set of experiments using a modified experimental set-up that
takes these problems into account. We followed Yano and Takafuji’s protocol, but changed
three central elements: (1) the population size was made larger to minimize potential
inbreeding (2) downward selection was exerted on dispersing individuals instead of
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non-dispersing individuals, and (3) control lines were maintained in order to control for
inbreeding effects, environmental fluctuations and to differentiate between the responses to
the two directions of selection. Also, we examined a wider suite of life-history traits in the
resulting selection lines.

Materials and methods

In September 2008 a sample of more than 500 spider mites was taken from a population
along a transect of 5 m of spindle bushes (Euonymus europaeus) in the dunes along the
Dutch coast near the town of Castricum. This population was maintained (minimal pop-
ulation size = 500) in the laboratory under climate-controlled conditions (17°C, 60%
humidity, L:D = 16:8) for 3.5 months before the start of the experiment. The spider mites
were cultured on bean leaves (Phaseolus vulgaris), which were placed on wet cotton wool
surrounded by water in open plastic containers. They were provided with a surplus of food
and space, in order to minimise the tendency to disperse. This apparently worked, since we
found no individuals that had walked into the wet cotton wool surrounding the leaf discs.
No wind source was present, which suppresses the initiation of aerial dispersal behaviour
(Smitley and Kennedy 1985). The climate-controlled conditions during the experiments
were 55% humidity, L:D = 16:8, and 26°C.

Selection

We performed artificial selection on the propensity to leave a colony. The colony consisted
of an age-cohort of mites that inhabited a detached bean leaf, placed on wet cotton wool
surrounded by water in an open plastic container. As the mites developed, the leaf became
increasingly exploited and thus increasingly unfavorable as a food source. This leads to
increasingly favorable environmental conditions for dispersal. To disperse, the mites had to
cross a hostile environment (a plastic bridge over wet cotton wool) before they reached a
suitable habitat (a fresh bean leaf). Crossing the bridge is interpreted as an act of dispersal
away from the exploited leaf, i.e. leaving the colony, rather than an act of dispersal towards
a newly detected habitat, because in this type of set-up the new habitat does not attract 7.
urticae females (Yano et al. 1998). Hence, the fresh bean leaf served to arrest mites
dispersing away from the exploited habitat.

Since dispersing spider mites mainly consist of pre-ovipositing adult females (Bran-
denburg and Kennedy 1982), we selected on these females. The experiment consisted of
three treatments; (a) selection on females with the highest dispersal rate—the high lines—,
(b) selection on females with a low dispersal rate —the low lines—and (c) no selection—
the control lines. Each treatment was replicated four times, resulting in twelve experi-
mental populations which were maintained simultaneously. All populations were initiated
by placing 65 mated females on a detached bean leaf. The bean leaves used were first
leaves of circa two-week old bean plants and were of roughly similar size and shape. After
24 h the females were removed and their eggs left to develop. The chosen number of
females and the size of the leaf were found in pilot experiments to result in a highly
exploited state of the leaf around the time their offspring reached adulthood (personal
observation N. Tien). In agreement with this observed timing of overexploitation, the
development time of the offspring was found to be similar to that of offspring offered
ample food supply (unpubl data N. Tien). Hence, the leaf did not reach the overexploited
state for the time the individuals spent in the juvenile phase.
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Before the offspring reached adulthood, the leaf was connected to two or three fresh
bean leaves by means of plastic bridges per new leaf. A fresh leaf was placed at the tip of
the exploited leaf and connected with at least one bridge. Another fresh leaf was placed at
the base of the exploited leaf and connected with at least two bridges. If many mites
clustered at a certain point on the exploited leaf, an extra bridge to a(n extra) fresh leaf was
added to provide these mites with an opportunity to disperse (instead of walking into the
wet cotton wool). Each bridge was circa 0.5-1 cm wide and 3-5 cm long. The leaves were
at least 2 cm distant from each other. Under our experimental conditions, 7. urticae cannot
move over the wet cotton wool and the females were thus forced to use the bridge for
ambulatory dispersal. In the high lines, the earliest-dispersing individuals were selected (at
least 65). In the low lines, the first dispersers were culled. The number of culled individuals
was decided on per case, depending on the total number of females present; enough
females had to remain on the old leaf to allow at least 65 subsequent females to migrate
afterwards. In the control lines, at least 65 females were chosen at random from the old
leaf. Usually, the number of dispersed females was higher than 65 and of these dispersed
females 75-80 were randomly chosen. The females were placed together on a fresh leaf to
mature further for a few days (adult females start ovipositing once they are a few days old),
after which 65 females were randomly chosen to form the new generation. Seven rounds of
selection were performed. Time of day at which the required number of selected females
was achieved varied greatly between generations, from early in the morning to late in the
afternoon, but no consistent difference was present between treatments or lines (pers. obs.
Tien).

After the seventh generation of selection, 75 of the selected females were allowed to lay
eggs on a fresh leaf for 24 h. The offspring formed the basis of the resultant selection lines
for which dispersal and life-history traits were subsequently determined. These lines were
kept on bean leaves placed on wet cotton wool in individual containers and provided with
ample food and space. The twelve lines were subdivided into four groups, which were
investigated at different points in time to spread the amount of work involved given the
limited manpower. Every group contained one line of every treatment. The groups were
termed replicates 1-4. Consequently, the populations were named as follows: [name
treatment] [number replicate], where the treatment is either high, low or control and the
replicate is 1, 2, 3 or 4.

Selection response

Propensity to disperse was measured with a group-wise dispersal index and an individual
dispersal index. For the group index, a cohort of ten adult females of the same age was
placed on a fresh leaf disc (diameter = 1.5 cm), which was connected to a second leaf disc
by a plastic bridge of 5 cm long. Ten females on a leaf disc of this size cause overex-
ploitation of the leaf disc within a few days, which thus creates a situation roughly
comparable to the set-up of the selection experiment. This index is similar to the one used
by Yano and Takafuji (2002). Over a period of 3 days, the number of females that were
found on the second disc was recorded six times (three times on day one, two times on day
two and one time on day three). After every recording, the dispersed females were
removed. Females that died were removed from the analysis from that time point onwards.
Initial sample size per line was 24, totalling 288 samples (see ultimate sample size per line
in Table 1). The data were analysed in two ways. First, the cumulative fraction of dis-
persers over time was analysed using a mixed-effect generalized linear model with tem-
poral pseudoreplication (see Crawley 2007). In this model treatment was a fixed factor,
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time per sample was a random factor (to correct for the dependency of data points through
time within a sample) and a binomial error distribution was assumed (because the data are
proportion data). The model with treatment as factor was compared to the model without
treatment as factor, using a y” test. If treatment was a significant factor, planned com-
parisons were performed (by using built-in contrasts in the model) between high versus
control and low versus control (Crawley 2007). Second, in order to obtain a quantitative
measure for dispersal rate, we determined the ultimate fraction dispersers (the fraction
dispersers at the last examined point in time). In a generalized linear model the effect of
treatment (as fixed factor) on the fraction of dispersers was examined. A binomial error
distribution was assumed, except if there was overdispersion (i.e. if the residual scaled
variance was more than three times larger than the residual degrees of freedom), in which
case a quasibinomial error distribution was assumed in order to scale the variance
appropriately (Crawley 2007, Ch. 16, p 327-329). The model with treatment as factor was
compared to the model without treatment as factor, using a Xz test. If treatment was a
significant factor, planned comparisons were performed (by using built-in contrasts in the
model) between high versus control and low versus control (Crawley 2007). Analyses were
performed in R (R-Development-Core-Team 2009) and data were analysed per replicate
(as in all analyses).

For the individual index, a set-up was chosen in which leaf deterioration was inde-
pendent of the presence of the mite. A leaf disc was placed at one end of a rectangular
plastic sheet of 5 x 20 cm, which was placed on wet cotton wool in water. The leaf disc
did not touch water and therefore would slowly dry up and wither. At the other end of the
plastic rectangle a small bean leaf was placed with its stem in a hole, touching the water,
which kept the leaf fresh. An adult female was placed on the desiccating leaf disc. All
females were of the same age. The time until the female reached the fresh bean leaf was
measured. The first 30 min the females were monitored continuously, the next 4.5 h they
were checked on the hour. If the mite had not left the leaf disc, they were checked once
more after a day. All mites had either migrated or died within this period. Mites that had
died on the leaf or walked into the water were discarded from the analysis. The individual
index was defined as the fraction of dispersing females that dispersed within 30 min.
(Other indices were also examined—e.g. fraction that dispersed within 1.5 h—and similar
results were found.) Sample size per line was 18, totalling 216. The data were analyzed
with 2 x 2 contingency tables and G-tests for independence (Sokal and Rohlf 1995,
p 729). The frequencies (dispersed within 30 min and afterwards) of a selection treatment
were compared to those of its control treatment, to see if the fraction early dispersers
differed between the two treatments. The G values were adjusted with William’s correction
to correct for an inflated type I error (Sokal and Rohlf 1995, p 729).

Correlated responses

Of the cohorts of offspring created directly after the last round of selection, 25 adult
females were randomly chosen per line and placed individually on fresh leaf discs. These
females were of the same age (13 days old). The females were allowed to oviposit for 24 h
after which they were removed. The life-history traits of the lines were determined using
the offspring. The eggs were counted and on the 9th day the developmental stages of the
offspring were determined. Number of female and male adults was counted once all
offspring had matured, on the 13th day. Oviposition rate was taken as the number of eggs
laid by the female in 24 h. Development rate was represented by an index for the average
stage of the offspring on the 9th day after oviposition (where 1 is the egg stage and 7 is the
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adult stage, with five larval and pupal stages in between (cf Tien et al. 2009). Juvenile
survival was taken as the fraction of offspring that survived to adulthood. Sex ratio was
defined as fraction males in the adult offspring. The data were analysed using generalized
linear models in R (R Development Core Team 2009). A model with treatment as
explanatory factor was compared to the null model with an F or Chi-square test (Crawley
2007). If treatment was a significant factor, planned comparisons (via built-in contrasts)
were performed of control against high and against low. Models that were close to sig-
nificance (0.05 < P < 0.1) were also investigated further, to look for trends. Oviposition
rate, development rate and number of adult offspring were analysed assuming a normal
error distribution. Juvenile survival and sex ratio were analysed assuming a binomial error
distribution.

Results

In the Appendix (Electronic supplementary material) an example of dispersal over time is
shown for 9 random lines (without prior selection). This example shows that dispersal
predominantly (if not completely) took place during the day and dispersal within a line
took place over a period of at least 12 h and often at least 24 h.

Selection

In the high lines, out of the total number of adult females the average fraction of selected
females per round was 0.28 (£ SE = 0.04). In the low lines, an average fraction of 0.44
(£ 0.05) was first allowed to disperse and then culled, after which an average fraction of
0.26 (% 0.04) was selected (out of the total number of adult females) as the next gener-
ation. The average total number of adult females (dispersing and non-dispersing) per round
was 373 (£ 32) with no consistent difference between the treatments.

Response to selection

When placing ten females on a small leaf disc, within 3 days on average 34% of the
females dispersed to a new leaf disc. The fraction dispersers over time is shown in Fig. 1.
The dispersal over time of the high and low lines showed no consistent patterns compared
to that of their control line. In replicate 1 (#* = 14.6, P < 0.001), the low line had a higher
dispersal rate than the control line (z = 2.9, P < 0.01), while the high line was not sig-
nificantly different from the control line (z = —0.8, P = 0.4). In replicate 2, there was no
significant difference in either treatment (XZ = 1.6, P = 0.4). In replicate 3 ()(2 = 348,
P < 0.001) both treatments had lower dispersal rates than the control line (high line: z =
—5.0, P <0.001, low line: z = —5.0, P <0.001). Only in replicate 4 (y* = 81.8,
P < 0.001) did the lines behave as expected: the high line showed a higher dispersal rate
(z =44, P<0.001), while the low line exhibited a lower dispersal rate (z = 4.7,
P < 0.001). When focussing on the ultimate fraction of dispersers in this experiment, the
dispersal rate of the selection lines was not significantly different from that of their control
lines in three of the replicates (Table 1). Only in replicate 4 were differences found: The
low line had less dispersers than the control line (Table 1). Together, these results show
that the differences in dispersal behaviour between the lines were small and not related to
selection treatment.
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Fig. 1 Fraction dispersing females over time (group dispersal index). Upward selected (black circles and
straight black line) and downward selected (white circles and dashed line) lines and the control lines (grey
circles and grey line) of the four replicates (1-4). Dispersal was measured as fraction females that migrated
away from the leaf disc, out of an initial colony of ten females. Error bars are standard errors of the mean

When placing a single female on a bad-quality leaf disc, 88% of the females dispersed
to a nearby fresh leaf within a day, while the remaining females died. Figure 2 depicts the
fraction of fast dispersers, i.e. the females that dispersed within 30 min (the individual
index). In replicate 1, the frequency of fast dispersers was not significantly different
between the control line and the high line (G.4; = 1.70, P = 0.19) or the low line
(Gagj,1 = 0.01, P = 0.92). In replicate 2, the high line had significantly less fast dispersers
than the control line (G,q4; = 3.92, P = 0.05), while the low line was not different
(Gagj,1 = 0.25, P = 0.61). In replicate 3, the low line had significantly more fast dispersers
than the control line (G4 ; = 4.51, P = 0.03), while the high line was not different
(Gagj1 = 0.26, P = 0.61). In replicate 4, neither selection line was significantly different
from their control line (high line: G4 ; = 1.74, P = 0.19, low line: G,4;; = 0.15,
P = 0.70).

Correlated responses
Neither of the selection treatments led to consistent differences in life-history traits or sex
ratio in the selection lines, when compared to their control line (Table 2). Only in two

cases were significant differences found; the high line of replicate 2 had a higher sex ratio
than its control line and the high line of replicate 3 showed higher juvenile survival.
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Total number of examined females (including non-dispersers) was 18 per line

Discussion

In the original population, timing of dispersal varied greatly between females and dispersal
away from a colony took place over a time period of at least 12 h and often over more than
24 h (see the Appendix (Electronic supplementary material)). Under these circumstances,
seven rounds of artificial selection were exerted on the propensity to leave the colony and
the response to selection was determined using two indices. Neither index revealed a
consistent response to selection. Overall, the selection treatments do not seem to have
affected the dispersal behaviour in the selection lines. Also, no consistent and almost no
significant differences in life-history traits or sex ratio were found between the selection
lines and control lines. Thus, there is no evidence for correlated responses, which would be
expected since we also found no response to selection.

How can we explain the lack of response to selection? Most obviously, the result can
point towards a lack or a low amount of additive genetic variation for propensity to leave
the colony. If this is the case, then the decision to leave the colony is predominantly
condition-dependent and does not differ genetically between individuals. However, four
aspects of the experimental set-up may have played a confounding role. First, differences
in age of the females may have obscured genetic differences. Females that were born
earliest in the age cohort (of 24 h) may be the first ones to disperse. Almost all females in a
colony had reached adulthood before dispersal was observed (pers. obs. Tien), but perhaps
newly emerged females must first feed and build a reserve before commencing dispersal. If
so, then we may have also selected on age, which would have caused a weaker response to
selection. Second, social behaviour may have obscured genetic differences, since females
follow the silken threads of other females during dispersal (Yano 2008). However, it is
only the speed at which females find the dispersal route that increases if silk-marked routes
are present; the initiation of dispersal seems independent of the presence of silk routes
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(Fig. 6 in Yano 2008). Third, the downward selection treatment did not entail strong selective
forces: on average the females between the 44th and 70th percentile of fastest dispersers were
chosen. Thus, selection in the downward treatment was weak which may explain the lack of
response in the low lines. However, the upward treatment did involve strong selection and also
did not lead to consistent responses. Fourth, the indices used may not be related to the behaviour
that was selected on. Selection took place on large groups of individuals (on average 373
females) and using non-standardized conditions of habitat exploitation. Therefore, we used
alternative methods to compare the behaviour of the resulting selection lines. One index was
based on behaviour of single females, but the behaviour of single females may not be related to
behaviour in a colony. However, the experimental set-up for the group index did concern a
colony, albeit a small one, and offered a method for dispersal that was similar to the methods
provided during the selection experiment (i.e. a bridge to a new leaf). Therefore we assume that
the behaviour measured for the group index is related to the behaviour selected on and con-
sequently that the index is appropriate. In conclusion, although we cannot exclude methodo-
logical aspects of the experimental set-up partly accounting for a lack of response to selection, it
does seem likely that the amount of heritable variation for propensity to disperse is not large.
Considering the high selection differentials in especially the high lines for seven generations, if
high genetic variation was present some response to selection would be expected despite
confounding factors.

Yano and Takafuji (2002) did find a selection response for propensity to leave the colony,
using a Japanese population of T. urticae. The populations of spider mites used may have had
different levels of additive genetic variation, which may explain part of the differences in
response. However, elements of the experimental set-up used by Yano and Takafuji probably
also contributed to their observed experimental results. Specifically, as explained in the
Introduction, a combination of an inappropriate selection regime for the downward selection
treatment, inbreeding and/or drift may provide alternative explanations for their reported
selection responses. Heritable variation has been found for another aspect of dispersal
behaviour in 7. urticae, namely the initiation of aerial dispersal (i.e. lifting the anterior part of
the body under optimal ‘take-off” conditions; (Li and Margolies 1993, 1994). This behaviour in
nature takes place from the tops of plants when air currents are present. Given that there is
genetic variation for the propensity for aerial dispersal, one could also expect heritable variation
for the propensity for ambulatory dispersal. However, we did not find any indication for the
latter. Although our experimental set-up improved upon the one by Yano and Takafuji (2002),
there are potential weaknesses in our set-up (see above) which may be addressed in future
experiments. Further work on dispersal in T. urticae is essential, since dispersal is related to
many fundamental aspects of the ecology and evolution of 7. urticae and other species living in
ephemeral habitats, such as the persistence of metapopulations and the evolution of life history
traits (e.g., Clobert et al. 2001; Ronce 2007).

Open Access This article is distributed under the terms of the Creative Commons Attribution Noncom-
mercial License which permits any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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