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Abstract Among the factors limiting species distri-

bution, low temperatures play a key role for tropical

invasive species in temperate areas. Susceptibility to

cold winter conditions has been recognized as the

limiting factor in Europe for Tetranychus evansi, an

invasive spider mite feeding on Solanaceous plants

originated from tropical South America and now

present on every continent except Australia. Two

genetically distinct lineages of this species were

introduced to Europe; one (lineage 1) is widely

distributed, while the other (lineage 2) has a limited

distribution. Whether this difference corresponds to

differences in cold hardiness is evaluated here by

assessing phenotypic response of T. evansi to the

winter conditions that the mite encounters in the

coldest parts of the current invaded area. We designed

the thermal regimes to mimic winter conditions,

including temperature fluctuations between day and

night (L:D 8:16, 12:4 �C) and exposed mites to this

regime for 5, 10 or 15 weeks. We tested T. evansi from

three locations, one from the tropical native area

(Piracicaba, Brazil) and two, corresponding to the two

introduced lineages, from the temperate invaded area

(lineage 1 from Nice and lineage 2 from Perpignan,

France). After 5 weeks of treatment, mites from all the

locations showed high survival rates but the two

introduced populations grew, producing more than

one offspring per female. After 10 weeks, survival

rates declined for mites from Brazil and Perpignan, but

not Nice. After 15 weeks, only the mites from Nice

survived and produced offspring. Thus, mites belong-

ing to the widespread lineage 1 exhibit increased cold

tolerance suggesting broader adaptability, helping to

explain its current geographical distribution.

Keywords Fluctuating thermal regime � Cold
tolerance � Adaptation � Invaded area � Overwintering

Introduction

Understanding environmental factors limiting species

distribution is essential for predicting current and

future geographical ranges of species (Kriticos and

Randall 2001; Sutherst 2003). These factors are also

key elements when forecasting species’ responses to

climate change (Thuiller et al. 2006; Williams and

Liebhold 2002). Understanding species responses to

the environment is particularly relevant in temperate

agricultural systems, where many of the primary pests

are alien species (Kenis et al. 2007; Roy et al. 2011;
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Vila et al. 2010), and it is vital to predict their final

distributions in their non-native range. Given the

impact that alien pests can have on human food

production, distribution and security (Gaston 2009) as

well as on ecological systems (Roques 2012), there is

intense interest in risk analysis methods (Gilioli et al.

2014; Liu et al. 2011; Venette et al. 2010) and

predicting species distributions (Kriticos et al. 2013).

Most approaches are based on correlative models,

using data on the environmental conditions where a

species has been found to define its niche, and then

projecting that onto new areas [see (Elith et al. 2006)

for comparisons of these models]. While useful, this

approach does not model the fundamental niche, but

rather the realized niche (Hutchinson 1957), i.e. the

niche due to both abiotic limitations and also biotic

interactions such as predation, competition and host

availability, as well as dispersal capabilities (Kearney

and Porter 2004). A complementary approach focuses

on the characterization of the species’ fundamental

niche. This requires data on the physiological toler-

ances of species to key environmental parameters

(Kearney and Porter 2004). A challenge in gathering

the data required for mechanistic prediction of species

distributions is taking into account variation within

species responses, given that individuals from differ-

ent environments or with different evolutionary his-

tories often have unique tolerances to environmental

factors (di Lascio et al. 2011; Sexton et al. 2002).

Gathering data on different origins independently is

necessary in order to capture species variability and

incorporate that into mechanistic prediction of

distribution.

Variation in tolerance to environmental factors can

have tremendous impacts on the relative success of

introduced species (Park et al. 2012). Baker (1965)

proposed that successful invaders would be those

harbouring ‘‘general purpose genotypes’’, with the

phenotypic plasticity to tolerate a broad range of

environments. There is support for this idea from

several systems, for instance the plants Verbascum

thapsus (Parker et al. 2003) and Bromus tectorum

(Richards et al. 2006). Two other phenomena associ-

ated with introductions may facilitate colonization and

invasion: (1) outcrossing or hybridization (Ellstrand

and Schierenbeck 2000; Lee 2002; Lee and Gelem-

biuk 2008; Parker et al. 2003); (2) bottlenecks that can

under some circumstances lead to a rapid purge of

deleterious alleles via inbreeding (Parisod et al. 2005).

Given the complexity of invasions, clearly all

mechanisms could be important in a single invasion.

Cold injury to arthropods is both temperature- and

time- dependant (Bale 1996; Colinet et al. 2007;

Nedved et al. 1998) and the combination of both

parameters has been taken into consideration in some

species distribution models. For example, the Climex

model (Sutherst and Maywald 1985; Sutherst et al.

2004) calculates cold stress accumulation and models

the lethal effects when a critical threshold is met.

Additionally the effects of cold winter conditions are

determined not by the mean temperature, but rather by

the range of temperatures that an organism experi-

ences. Colinet et al. (2006) have demonstrated the

importance of this range of temperatures, particularly

the importance of maximum temperature during the

day, which limits the deleterious impact of cold on

fitness and survival.

Temperature regimes are likely to play a particular-

ly large role in determining invasion success of

tropical species introduced to temperate environ-

ments. Numerous alien species of tetranychids have

recently established in Europe (Navajas et al. 2010), a

large proportion of them originates from tropical or

sub-tropical areas, making an excellent system to

evaluate how temperature regimes influence the

distribution and invasion success of introduced

tropical species. For such tropical species, low winter

temperatures appear to be crucial in limiting their

distribution to more temperate regions (Migeon et al.

2009). In this study we focus on the red tomato spider

mite, Tetranychus evansi Baker & Pritchard 1960, an

invasive pest of Solanaceous crops distributed from

South to North America, Africa, Eastern Asia and the

Mediterranean basin [see (Migeon and Dorkeld 2006–

2013; Navajas et al. 2013) for a complete review].

Tetranychus evansi was first reported from Brazil in

1915 (Caldas 1915; Paschoal 1971) and genetic

studies show that this species originates in South

America (Boubou et al. 2011, 2012). As an invasive

species of tropical origin, the wide geographical area

colonized by T. evansi is striking. It is unclear how it

survives the winter in the coldest parts of the newly

invaded area. Interestingly, unlike many spider mites,

T. evansi does not diapause (Migeon 2007; Navajas

et al. 2013; Ohashi et al. 2003), and thus is not able to

avoid the cold by going dormant. Like other tetrany-

chids mites, it has an arrhenotokous reproductive

system: diploid females produce haploid males with

2276 A. Migeon et al.

123



unfertilized eggs (Helle and Pijnacker 1985). In this

reproductive system, male haploidy allows rapid

purge of deleterious alleles but also the rapid expan-

sion of favourable ones. Mites populations often

exhibit high inbreeding rate (Bailly et al. 2004;

Boubou et al. 2012; Carbonnelle et al. 2007; Navajas

et al. 2002). A similar phenomenon in found in clonal

weeds, and that is what led Baker (Baker 1965) to

hypothesize that clonal reproduction, as observed in

weeds, could favour the spread of a general-purpose

genotype should one exist.

Two independent introduction events, correspond-

ing to two well-separated genetic lineages (Boubou

et al. 2011, 2012), have occurred during the coloni-

sation of the mite outside its area of origin in South

America. Mites belonging to one of them, hereafter

lineage 1, are the most invasive, having been recorded

from almost all parts of the world where the species is

established. Mites belonging to the second lineage,

hereafter lineage 2, are found out of the species native

area, only in limited parts of Southern Europe: in

Portugal, and the Catalonia region located from

Barcelona (North-Eastern Spain) to Narbonne (South-

ern France) (Boubou et al. 2011, 2012; Migeon et al.

2009; Navajas et al. 2013; Migeon unpub. data). When

using Approximate Bayesian Computation (ABC)

approaches to test alternative colonisation pathways,

the most likely invasion scenario involved a first

introduction of mites belonging to lineage 1 from

Brazil into Africa, and from there to Europe, with a

later introduction into some parts of Asia (Boubou

et al. 2012). Mites from lineage 2 appear to have been

independently introduced from Brazil to Portugal and

from there to Catalonia. Whether the marked differ-

ence in the range sizes of the widespread lineage 1 and

the more narrowly distributed lineage 2 results from

the historical colonization pathways (and time since

introduction) or is due to different life history traits of

two types of mites making them more or less prone to

colonize new environments remains unknown. We

modelled the potential distribution of the two T. evansi

lineages and found that mites from lineage 2 tend to

occupy warmer environments with narrower annual

temperature ranges than mites from lineage 1 (in both

the native area and the invaded area) (Meynard et al.

2013). Whether this difference in the realized niche

corresponds to different cold hardiness between the

two types of mites (lineage 1 and 2) warrants

investigation.

In this work, we evaluate the response of T. evansi to

the winter conditions that the mite encounters in the

coldest parts of the invaded area. Thermal fluctuations

are the rule in nature and thus in understanding

temperature tolerances meaningful experimental con-

ditions must include an ecologically defensible thermal

regime. We evaluate the impact of winter conditions,

simulated in the laboratory using a fluctuating thermal

regime, to test the cold tolerance of mites from both

lineages introduced to Europe. We also compare

whether mites from lineage 2 in Europe experienced

an evolutionary shift in cold tolerance relative to mites

from lineage 2 in the native range. In evaluating the role

that cold hardiness has had inT. evansi invasion success

and its resulting actual distribution, this study aims at

understanding key traits that allow a species or a

population to invade once a propagule arrives to a new

geographical area, and to address Baker (1965) general-

purpose genotype hypothesis.

Materials and methods

Origin of mites

Mites originating from three different locations were

used to assess cold hardiness: two from France

(Nice and Perpignan) and one from Brazil (Piraci-

caba). The French locations correspond to the

northern distribution limit of the species as defined

in Migeon et al. (2009), with Nice harbouring

lineage 1, and Perpignan lineage 2 (Table 1)

(Boubou et al. 2011, 2012). The Brazilian location

corresponds to the native subtropical habitat and

comprises mites of lineage 2. Table 1 reports

minimal and maximal temperature of the coldest

month for each location obtained from WorldClim

(Hijmans et al. 2005).

Experimental design

We evaluated the winter tolerance of mites from the

three locations in a two-step procedure. First we

exposed mites to 5, 10, and 15 weeks of temperate

winter conditions in the laboratory (experiment 1).

Second, to assess recovery after cold exposure,

surviving females were placed for 2 weeks in condi-

tions of temperature that allow development (ex-

periment 2).
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Experiment 1

Experiments were conducted in a climate room set to

simulate winter conditions in southern France (see

Table 1) with diurnal (12 �C) and nocturnal (4 �C)
temperatures and using a light cycle of L/D 8/16 h.

Relative humidity was not regulated and was about

60 ± 20 % RH. Mites were reared on black night

shade (Solanum nigrum), which is a frequent host for

T. evansi worldwide (Migeon and Dorkeld 2006–

2013; Navajas et al. 2013). Sixty potted black

nightshade seedlings (about 25 days old, with 5–7

well developed leaves) were used, 20 for each of the

three origins of mites. Plants were cultivated in a

regulated greenhouse with additional light in

8 9 8 9 8 cm pots filled with growing substrate

(Neuhauss Humin-substrat N2, Klasmann-Deilmann,

Germany). The day before mites were introduced to

the plants, the plants were moved to the climate room

and trimmed to four leaves. Mite stock populations

were reared at 25 ± 1 �C, LD 16/8 h, on detached

leaves of black nightshade in 13 9 9 9 5 cm double

bottom plastic boxes with a moist cotton pad and a

water reservoir. To obtain cohorts of females of

similar age, 2 weeks before the experiment one

hundred females of each population were put on

detached leaves, allowed to lay eggs for 24 h and then

removed. These offspring were used in the ex-

periment. Because tetranychid females are fertilized

just after emergence by males that guard the

teleiochrysalis (Cone 1985), likely all females were

mated. Three day old adult females were kept in the

experimental climate room for 1 day prior to the start

of the experiment.

Ten females were placed on each plant (one on the

smaller top leaf, three on each of the three remaining

leaves) for a total of 200 females tested per origin. Five

plants were dissected 5, 10 and 15 weeks after

initiation of the experiment. As the mites are minute

(300 lm) and the eggs are even smaller, all leaves and

twigs were carefully examined under a stereomicro-

scope. Living and dead females were recorded. If one

or more female were not found, one supplementary

plant was dissected (up to two maximum). Eggs laid

during the experiment were also counted. We consid-

ered spherical eggs without any distortion to be living.

Eggs that were crumpled, distorted or shrivelled were

recorded as dead. No immature stages (larvae or

nymphs) were found. To assess egg viability and

hatching rate, all the pieces of leaves bearing living

eggs were kept in rearing boxes at 25 ± 1 �C, LD
16/8 h. Larvae (hatched eggs) and dead eggs were

counted 1 week later.

Experiment 2

To assess the longevity and fecundity of the females

after each period of cold exposure in experiment 1,

living females were reared individually on small

detached leaves at 25 ± 1 �C, LD 16/8 h and checked

at 4, 7, 10 and 14 days. Surviving females were

transferred to a new leaf after 1 week. Eggs laid during

the first week were counted and hatching rate was

evaluated by counting the number of newly emerged

larvae.

Statistical analysis

Statistical analysis was performed using R (R Core

Team 2013). We used non-parametric tests to offset

the absence of normality for small and limited range

Table 1 Characteristics of the Tetranychus evansi samples studied

Sample name

(origin)

Country Locality Latitude

(DD)

Longitude

(DD)

Host plant Clade Coldest month

Minimal

temperature (�C)
Maximal

temperature (�C)

Nice France Saint-

Jeannet

43.74 7.18 Solanum

lycopersicum

1 3.7 12.1

Perpignan France Torreilles 42.73 2.96 Solanum

nigrum

2 3.9 11.9

Piracicaba Brazil Piracicaba -22.72 -47.63 Solanum gilo 2 10.2 23.4

Location description, host plant, and attachment of mites to one of the two genetic lineages characterized for the species (see text for

details). The mean winter temperatures obtained from WorldClim (Hijmans et al. 2005) are given (two last columns)
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sample. Kruskal–Wallis rank sum test was used and

completed by post hoc pair rank comparisons when

differences were significant.

Because in some cases one ormore femaleswere not

found (see experimental design), we conducted two

parallel analyses, one using only plants with all ten

females (dead or alive) and the other using all the

plants, scoring missing females as dead. As the results

for both analyses were equivalent, we report here the

analysis performed with all the plants together.

Modelling cold stress using Climex

Climex (Sutherst and Maywald 1985) is a mechanistic

modelling software allowing the calculation of several

indices describing organismal responses to environ-

mental variables. We used Climex V2 (Sutherst et al.

2004) with parameters found by Migeon et al. (2009),

i.e. 10 �C as cold stress accumulation threshold, to

calculate cold stress values for the French sampling

locations. Stress values are scaled from 0 to 100, with

0 corresponding to an absence of stress and 100 being

lethal, even if annual temperatures allow the develop-

ment of populations. Stress values are calculated

monthly and added. Climate data are provided by

Climex for Nice and Perpignan, locations very close to

our sampling sites. Cold stress was also calculated

from the experimental conditions (4 �C minimum and

12 �Cmaximum temperature) experienced during 1, 2

or 3 months by the mites.

Results

Experiment 1: female survival

The numbers of surviving females per plant for the

three time periods tested (5, 10 and 15 weeks) are

reported Fig. 1 and Table 2. As expected, the longer

the mites were exposed to cold, the fewer survived.

Kruskal–Wallis tests show significant differences

between mites of different origins, at 5 and 10 weeks

but not at 15 weeks. Mites from Perpignan (lineage 2)

had the highest survival at 5 weeks with 7.4 ±

1.1 females alive/plant. Mites from Nice (lineage 1)

had a comparable survival—5.6 ± 1.6 females—

alive/plant as mites from Piracicaba—5.4 ± 1.3

females alive/plant—(native range, lineage 2).

Survival declined sharply after 10 and 15 weeks of

cold exposure. Mites from Nice (lineage 1) exhibit

survival rates comparable to mites from the two other

origins at 5 weeks but the highest survival rate at

10 weeks with 3.5 ± 1.8 females alive/plant and even

at 15 weeks with almost one female surviving per

plant (0.9 ± 1.1 females alive/plant).

Experiment 1: fecundity

The numbers of eggs laid during cold exposure were

low and varied with cold duration and with mite’s

origin (Fig. 2a). The number of eggs laid by the

females from Nice was higher than for the two other

studied locations after 5 and 10 weeks of cold

exposure. A reduction of the total number of eggs

per plant after 15 weeks of cold exposure was

observed for the mites from Perpignan and was even

more marked for the mites from Nice. A growing

number of eggs, or at least steady production, was

expected between 10 and 15 weeks. The reduction of

the total number of eggs over time could be due to the

difficulty of finding dead eggs. While living eggs are

relatively easy to find, dead eggs, especially old ones,

Fig. 1 Boxplots showing the number of living females per

plant after 5, 10 and 15 weeks of exposure to cold (experiment

1) comparing Tetranychus evansimites of three different origins

(NI Nice, PE Perpignan, and PI Piracicaba). The bold line

represents median, shaded box range from first to third quartile

and dashed lines 1.5 interquartile distances. Outliers are

represented by isolated dots. Letters gather the same group

when Kruskal–Wallis test shows significant differences:

5 weeks (H = 6.37, N = 19, d.f. = 2, *p = 0.041), 10 weeks

(H = 10.18, N = 17, d.f. = 2, **p = 0.006) and 15 weeks

(H = 4.54; N = 23, d.f. = 2, p = 0.103)
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can be shrunk and thus remain undetected. Alterna-

tively, some eggs may have hatched.

Eggs from the mites from Piracicaba did not hatch

after exposure to cold (Fig. 2b, c). A few egg from the

mites from Perpignan hatched after 5 weeks (5 on 7

plants) and 10 weeks (5 on 6 plants) of cold exposure.

Only mites from Nice produced eggs that hatched with

any consistency, with the greatest number at 10 weeks

(48 on 6 plants) and a decrease at 15 weeks (13 on 7

plants), perhaps due to the death of the eggs after the

long exposure to cold. Even for the mites from Nice,

hatching rates were low with a global mean of 11 % (6

plants: 48/426) and a maximum of 16 % for 2 plants

(16/101 and 11/70) for eggs laid during 10 weeks of

cold exposure.

Experiment 2: female survival

Female survival after cold exposure is presented in

Fig. 3. Females from Nice survived better than the

mites from the other two locations for each of the three

lengths of cold exposure. After 5 weeks of exposure to

cold, the rate of survival after 7 days at 25 �C was

22 % (12/55) for mites from Perpignan, 26 % (7/27)

for mites from Piracicaba, and reaches 55 % (22/40)

for mites from Nice. By 14 days, only one mite from

Perpignan was alive whereas 23 % (9/40) of the mites

from Nice were alive. The same pattern was observed

after 10 weeks of cold exposure: the survival rate after

7 days at 25 �C was nil for mites from Piracicaba and

Perpignan whereas 40 % (8/20) of the mites from Nice

were alive. Even after 14 days 20 % (4/20) of the

mites from Nice were alive. After 15 weeks of cold

exposure, the number of females tested (females

remaining alive) was so low that no general pattern

could be discerned.

Experiment 2: fecundity

Fecundity of females after cold exposure and transfer

at 25 �C is reported Table 2 and Fig. 4. Whereas 60 %

(24/40) of the females from Nice laid eggs after

5 weeks of cold exposure, only 18 % (10/55) of the

mites from Perpignan and 15 % (4/27) of mites from

Piracicaba did. Significant differences between mites

from Nice and the two other origins could be detected

after 5 weeks of cold exposure, both in the number of

eggs laid and in the number of hatched eggs per

female. After 10 and 15 weeks of cold exposure, as

only females from Nice laid eggs, no further analysis

was performed. The hatching rate of eggs laid by the

females from Nice decreased from 94 % (251/266)

Table 2 Survival and reproductive parameters of Tetranychus evansi females of three different origins (Nice, Perpignan, Piraci-

caba), exposed to cold

Cold

exposure

(weeks)

Origin Initial

number

of

females

Surviving

females

(experiment 1)

Cold eggs

hatched

(experiment 1)

Females with

hatching eggs

(25 �C,
experiment 2)

Warm eggs

hatched (25 �C,
experiment 2)

Larvae/

female

(25 �C,
experiment 2)

Mean ± SD

Larvae/

female

(Total)

5 Nice 70 40 20 24 251 6.3 ± 8.4 3.9

5 Perpignan 70 55 5 10 101 1.8 ± 8.3 1.5

5 Piracicaba 50 27 0 4 35 1.3 ± 4.0 0.7

10 Nice 60 20 48 8 110 5.5 ± 9.7 2.6

10 Perpignan 60 6 5 0 0 – 0.1

10 Piracicaba 50 1 0 0 0 – 0

15 Nice 70 5 13 1 1 0.2 ± 0.4 0.2

15 Perpignan 60 0 0 0 0 – 0

15 Piracicaba 100 5 0 0 0 – 0

Columns include duration of the cold treatment, origin, the initial number of females placed on the plant, the number of females that

survived cold treatment (experiment 1), the number of those surviving females able to lay viable eggs at 25 �C (experiment 2), the

number of eggs hatched both from the cold treatment (experiment 1) and after surviving females were transferred to 25 �C
(experiment 2), the larvae per female after surviving females were transferred to 25 �C (experiment 2), and the total larvae per female

corresponding to the sum of cold (experiment 1) and warm (experiment 2) hatched eggs
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after 5 weeks of cold exposure to 81 % (110/135) after

10 weeks and to 20 % (1/5) after 15 weeks.

The contribution of each female to the next

generation is reported Table 2 (larvae/female). After

5 weeks of cold exposure, only mites from Perpignan

and Nice gave rise to more than 1 larva per female (1.5

and 3.6 respectively). After 10 weeks only mites from

Nice had more than 1 offspring (2.6 larvae/female).

After 15 weeks, females from Perpignan and Piraci-

caba produce no offspring and females from Nice

produced only 0.2 larvae/female on average.

Climex cold stress values

Cold stress values calculated for Nice and Perpignan

locations are respectively 32 and 57. Accordingly the

values calculated with laboratory conditions are 11, 28

and 53, respectively for 1, 2 and 3 months.

Discussion

The experimental conditions here used correspond to

the expected winter duration in the two studied

localities. The cold stress values calculated with

Climex illustrate the accumulation of cold injury

during the cold season in the two French localities in

laboratory conditions. As the climatic conditions

experienced by the mites during this study are very

close to the natural conditions observed in the

sampling locations, thus we were able to realistically

simulate winter conditions in the Northern margin of

the current distribution of T. evansi. The problems

caused by cold include an increase of female mortality

during the winter, a decrease in egg viability and a

decline in the ability of females to recover after cold.

These occurred in the mites from each of the tested

origins with the mites from Nice best able to recover

from cold.

bFig. 2 Boxplots showing a the total number of eggs, b living

eggs and c hatched eggs per plant after 5, 10 and 15 weeks of cold

exposure (experiment 1) comparing Tetranychus evansi mites of

three different origins (NINice, PE Perpignan and PI Piracicaba).

The bold line represents median, shaded box range from first to

third quartile and dashed lines 1.5 interquartile distances.Outliers

are represented by isolated dots. Letters gather same group when

Kruskal–Wallis test shows significant differences. a eggs total:

5 weeks (H = 14.23, N = 19, d.f. = 2, ***p\ 0.001),

10 weeks (H = 12.56, N = 17, d.f. = 2, **p = 0.002) and

15 weeks (H = 1.94, N = 23, d.f. = 2, p = 0.377).b alive eggs:
5 weeks (H = 5.90, N = 17, d.f. = 2, p = 0.052), 10 weeks

(H = 12.38, N = 17, d.f. = 2, **p = 0.002) and 15 weeks

(H = 0.04, N = 23, d.f. = 2, p = 0.979). c hatched eggs:

5 weeks (H = 7.91, N = 19, d.f. = 2, *p = 0.019), 10 weeks

(H = 12.40, N = 17, d.f. = 2, **p = 0.002) and 15 weeks

(H = 4.77, N = 23, d.f. = 2, p = 0.0929)
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The lower development temperature threshold for

T. evansi has been calculated at 12.1 �C and the

optimal temperature at 37.9 �C (Navajas et al. 2013).

Therefore, the winter temperatures recorded in the two

French localities where the mites were collected for

this study, between 3 and 5 �C (minimum) and

11–13 �C (maximum) for a period of 8–12 weeks in

Nice and Perpignan respectively, do not allow mite

population growth but only survival. A decline in the

number of living females was observed in all the

situations tested regardless the origin of the mites,

which coincided with a decline in recovery after cold

Fig. 3 Curves of the female survival rate at 25 �C after a 5,

b 10 and c 15 weeks of cold exposure, in experiment 2

comparing Tetranychus evansi mites of three different origins

(Nice, Perpignan and Piracicaba). N represents the number of

surviving females tested

Fig. 4 Boxplots showing a the total number of eggs laid per

female and b the hatched eggs during 1 week at 25 �C by the

surviving females that experienced 5, 10 and 15 weeks of cold

exposure (experiment 2) comparing Tetranychus evansi of three

different origins (NINice,PEPerpignan, andPIPiracicaba). The

bold line represents median, shaded box range from first to third

quartile and dashed lines 1.5 interquartile distances.Outliers are

represented by isolated dots. Letters gather same group when

Kruskal–Wallis test shows significant differences. a eggs total:

5 weeks (Kruskal–Wallis test: H = 22.71, N = 122, d.f. = 2,

***p\ 0.0001). b hatched eggs: 5 weeks (Kruskal–Wallis test:

H = 24.22, N = 122, d.f. = 2, ***p\ 0.0001). No test was

performed after 10 and 15 weeks of cold exposure
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exposure and a decline of egg hatching rates. In a study

conducted on the same species in Japan during winter,

near Kyoto with same climatic conditions as in the

French localities studied here, survival of eggs

collected in the field decreased from 70 % in Decem-

ber to 30 % in February and\10 % in April (Ohashi

et al. 2003). The authors also estimated cold resistance

by storing individuals collected in the field at 5 and

0 �C during 1 week to 1 month. Good survival rates

were observed for all stages at both temperatures for

1 week (95 to 80 % survival rate), but none of the

individuals survived after 1 month. The results are

particularly relevant when assessing the potential

distribution of tropical species in temperate regions

as a steadily increasing proportion of the alien invasive

mites have a tropical origin, especially in the Mediter-

ranean Europe (Navajas et al. 2010, 2013). Clearly the

ability of tropical arthropods to colonize and settle in

temperate regions is due to a complex set of reasons.

This study shed some light on the impact of winter

conditions on a non-diapausing tropical species as T.

evansi when it moves to temperate areas. The high

mortality observed during the experiments miming

local winter conditions, is offset by a high intrinsic rate

of increase of this mite (Bonato 1999; Gotoh et al.

2010; Moraes and McMurtry 1985). This high rate of

increase allows mite populations to reach very high

densities in late summer, which may be necessary for

the species to persist (Migeon et al. 2009). Our results

show that the length of the cold is critical. Females are

able to recover from 5 weeks of cold and even to lay

viable eggs (Table 2). Short winter conditions, as may

happen with global warming, could increase the

number of viable females in spring. This would enable

a more rapid increase of mite densities and conse-

quently an increase of agricultural impact of pest

which previously had been considered of minor

importance.

The two distinct lineages of T. evansi studied here

exhibit different life history traits. Although the link

between neutral markers, as microsatellites, and

phenotypic traits is often difficult to make (Hufbauer

2004), neutral markers are a powerful means of

delineate populations or taxa. Here we showed that

mites from one lineage (lineage 1), represented by the

Nice sample, perform better when they are challenged

to cold conditions than the mites from lineage 2,

exhibiting: (1) generally highest survival of females

exposed to cold (except for 5 weeks of cold exposure);

(2) highest fecundity during cold exposure; (3) best

recovery and survival after cold exposure; (4) highest

fecundity after cold exposure; (5) highest global

production of offspring. When assessing global fitness

in parameters as fecundity or rate of development,

Gotoh et al. (2010) did not noticed any difference

between the two major lineages previously recognised

(Boubou et al. 2011, 2012).

The best performing mites (Nice) also belong to the

wider spread and the most invasive lineage. Likewise

mites belonging to this most invasive lineage (lineage

1) also exhibit the highest tolerance to temperature

range with lower minimal temperatures and higher

maximal temperatures when modelling its potential

distribution (Meynard et al. 2013). Such plasticity in

phenotypic traits is hypothesized to be an important

characteristic for invasive species (Baker 1965; Chen

et al. 2006; Valiente et al. 2010). The results obtained

here confirm the phenotypic differences previously

observed (Meynard et al. 2013). We also observe

greater cold hardiness in the mites collected in the

invaded area than in those originating from the native

area, a trend observed in other invasive species (Blair

et al. 2012), suggesting a shift in cold hardiness during

the invasion process.

In the case of T. evansi the invasive lineage also

displays a wider host plant range (Navajas et al. 2013).

Together, these data fit well with the occurrence

records and support the modelling results, giving

evidence for greater invasive potential of the wider

spread of mites of T. evansi lineage 1. It is now clear

from well-supported genetic studies on the pattern and

history of the T. evansi invasion (Boubou et al. 2012),

that at least three different colonization events have

taken place since the middle of the last century.

Interestingly, not all of the newly introduced mites

gave rise to a global invasion. These results are of

great interest as they are in line with Baker’s assertion

(1965) linking invasiveness to clonal reproduction and

physiological plasticity. Parker et al. (2003) described

two different pathways leading to a widespread

invasion. Besides the general-purpose genotype, the

other pathway is characterized by rapid adaptation,

which is favoured by an open breeding system and

outcrossing, coupled to multiple independent intro-

ductions facilitating gene flow and genetic diversity.

Boubou et al. (2011, 2012) have highlighted that the

multiple introductions of T evansi that occurred in

Europe were followed by hybridization events that
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could have favoured rapid adaptation and invasion, but

none of these hybrids has shown invasive potential.

The red tomato spider mite supports the idea that

invasiveness can be linked to having a general purpose

genotype, and it also demonstrates the importance of

the link between reproductive system and character-

istics that may give rise to invasion. Tetranychus

evansi has a reproductive system, characterized by

arrhenotokous parthenogenesis, which leads to strong

founder effects and low genetic variability (Boubou

et al. 2012). Despite its low genetic variability it has

become widespread, supporting the idea (Baker 1965)

that a generalist genotype tolerant to a wide range of

environments can successfully invade.
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Valiente AG, Juanes F, Nuñez P, Garcia-Vazquez E (2010)

Brown trout (Salmo trutta) invasiveness: plasticity in life-

history is more important than genetic variability. Biol

Invasions 12:451–462. doi:10.1007/s10530-009-9450-3

Venette RC et al (2010) Pest risk maps for invasive alien spe-

cies: A roadmap for improvement. Bioscience 60:349–362.

doi:10.1525/bio.2010.60.5.5

Vila M et al (2010) How well do we understand the impacts of

alien species on ecosystem services? A pan-European,

cross-taxa assessment. Front Ecol Environ 8:135–144.

doi:10.1890/080083

Williams DW, Liebhold AM (2002) Climate change and the

outbreak ranges of two North American bark beetles. Agric

For Entomol 4:87–99

Tetranychus evansi cold hardiness plasticity 2285

123

http://dx.doi.org/10.1890/03-0820
http://dx.doi.org/10.1017/s0007485307005184
http://dx.doi.org/10.1111/j.1365-2699.2012.02791.x
http://dx.doi.org/10.1016/s0169-5347(02)02554-5
http://dx.doi.org/10.1016/s0169-5347(02)02554-5
http://dx.doi.org/10.1111/j.1752-4571.2008.00039.x
http://dx.doi.org/10.1111/j.1752-4571.2008.00039.x
http://dx.doi.org/10.1007/s10530-011-0045-4
http://dx.doi.org/10.1371/journal.pone.0066445
http://www.montpellier.inra.fr/CBGP/spmweb
http://www.montpellier.inra.fr/CBGP/spmweb
http://dx.doi.org/10.1007/s10493-012-9590-5
http://dx.doi.org/10.1007/s10493-012-9590-5
http://dx.doi.org/10.1046/j.1365-2435.1998.00250.x
http://dx.doi.org/10.1046/j.1365-2435.1998.00250.x
http://dx.doi.org/10.1093/aob/mci023
http://dx.doi.org/10.1007/s10530-012-0209-x
http://dx.doi.org/10.1007/s10530-012-0209-x
http://dx.doi.org/10.1046/j.1523-1739.2003.02019.x
http://dx.doi.org/10.1046/j.1523-1739.2003.02019.x
http://dx.doi.org/10.1111/j.1461-0248.2006.00950.x
http://dx.doi.org/10.1111/j.1749-4877.2012.00311.x
http://dx.doi.org/10.1111/j.1749-4877.2012.00311.x
http://dx.doi.org/10.1007/s10526-011-9355-9
http://dx.doi.org/10.2307/3099929
http://dx.doi.org/10.1007/s10530-009-9450-3
http://dx.doi.org/10.1525/bio.2010.60.5.5
http://dx.doi.org/10.1890/080083

	Genetic traits leading to invasion: plasticity in cold hardiness explains current distribution of an invasive agricultural pest, Tetranychus evansi (Acari: Tetranychidae)
	Abstract
	Introduction
	Materials and methods
	Origin of mites
	Experimental design
	Experiment 1
	Experiment 2

	Statistical analysis
	Modelling cold stress using Climex

	Results
	Experiment 1: female survival
	Experiment 1: fecundity
	Experiment 2: female survival
	Experiment 2: fecundity
	Climex cold stress values

	Discussion
	Acknowledgments
	References




