Web Ecol., 12, 1-7, 2012

www.web-ecol.net/12/1/2012/
doi:10.5194/we-12-1-2012 = i |
© Author(s) 2012. CC Attribution 3.0 License. Web Ecology

The time lag between introduction and escape from
cultivation of alien woody plant species decreases with
polyploidization

M. Br andle and R. Brandl

Animal Ecology, Department of Ecology, Faculty of Biology, Philipps-Univétdiflarburg,
Karl-von-Frisch Str. 8, 35032 Marburg, Germany

Correspondence tdR. Brandl (brandlr@st&uni-marburg.de)

Received: 21 November 2011 — Revised: 22 March 2012 — Accepted: 2 April 2012 — Published: 20 April 2012

Abstract. The time between introduction of an alien species and escape from cultivation shows considerable
variation among species. One hypothesis to explain this variation of the time lag invokes the evolution of
genotypes adapted to the conditions of the new environment. Here, we analyse the variation in time lags
among 53 alien woody plant species in Germany. Accounting forffleets of time since introduction, growth

form (trees versus shrubs), biogeography and taxonomic isolation (presence or absence of a native congener
in the adventive area) we found that the time lag decreases with increasing polyploidization. By contrast, the
haploid chromosome number was not significantly related to the time lag. These results provide evidence for
the hypothesis that recent genome duplication events are important for a fast escape from cultivation of an alien
woody plant species. We suggest that a large number of duplicated chromosomes increase the partitioning of
the genome and hence the average rate of recombination between loci facilitating the formation of adaptive
genotypes.

1 Introduction et al., 2005; Dietz and Edwards, 2006) others define the tim
lag as the time between introduction and first records in th

Alien species are among the major factors that lead to &Vild (Kowarik, 1992, 1995).

worldwide decrease of biodiversity (Vitousek et al., 1997). Several authors suggested that the evolution of novel gen
The invasion trajectory of a plant species into a new rangetypes either by hybridization with native species /angop-
may be subdivided into several successive phases (Sakai atations during the early phases of invasion may be impor
al., 2001): (i) introduction of an alien plant into the new area, tant for the success of alien species (Ellstrand and Schiere
(ii) the casual stage, during which alien species survive andeck, 2000). The empirical support for the hybridization

irregularly reproduce, (iii) the naturalization phase in which hypothesis, however, is not convincing (Sakai et al., 2001}

alien species regularly reproduce and (iv) the invasive (exLavergne and Molofsky, 2007). Nevertheless, the idea tha
ponential) phase, where alien species spread across the langtorganizations of the genome are an essential factor du
scape and enter natural habitats. The early phases during ifRg invasions predicts also that the length of the time lag

vasion are not well understood (Hobbs and Humphries, 1995should vary among introduced species (e.g. Kowarik, 1992;

Py8ek and Hulme, 2005). The lag phase may be defined agVilliamson et al., 2005). Species with long generation times
the time span between introduction and some of the subseshould thereby need more time to evolve suitable genotype
quent phases. The exact definition of the lag phase, howevethan species with short generation times (Kowarik, 1995
differs among authors. While most researchers refer to thégenotypic hypothesis”; Hobbs and Humphries, 1995, se
lag phase as the time between the beginning of the casuallso Kub&owa et al., 2010). In contrast several ecologi-
phase and the start of the exponential phase (e.g. Williamsonal hypotheses may also explain variations in the length g
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2 M. Brandle and R. Brandl: Time lag of alien woody plant species and polyploidization

the lag. The “demographic hypothesis” assumes that thelants. The time lag was estimated as the time (in years) be-
probability of long distance-dispersal increases the potentiatween the first cultivation in Brandenburg and the first record
to colonize suitable habitats facilitating population growth in the wild in Brandenburg (including Berlin). Species which
(Cousens and Mortimer, 1995). The “extrinsic hypothe- are native in Central Europe but are known to have been in-
sis” suggests that episodic environmental events or changiroduced to Brandenburg were excluded. For three species,
ing environmental conditions trigger the invasion process andhe data for the first cultivation in Brandenburg were not
therefore also determine the time lag (Hobbs and Humphriesavailable. For these species the time lag was calculated as
1995; Sakai et al., 2001). A number of studies showed thathe time span between the first cultivation in Europe and the
there is considerable variation in the time lag among specieirst record in the wild in Brandenburg. It is important to note
(e.g. Kowarik, 1992; Williamson et al., 2005). For exam- thatthe time lags analysed in our study are defined as the time
ple Acer negundaeeded more than 150 yr to escape from span between first record of cultivation and the first record in
cultivation, whereaPrunus serotinaescaped in less than the wild (Kowarik, 1992, 1995). Other authors (e.g. Sakai et
30yr (Kowarik, 1992). However, empirical support for the al., 2001; Dietz and Edwards, 2006, see introduction) define
three hypotheses is limited and even contradictory. Therethe time lag as the time span between escape from cultivation
fore, Py6ek and Hulme (2005) suggested that the variation ofand the beginning of the exponential phase. The beginning of
time lags among species may be even a statistical artefact. spread, however, seems to depend on the geographical scale
Chromosome numbers vary considerably among plan{e.g. local habitat patch versus region or landscape) on which
species (Bennett et al., 2000; Soltis and Soltis, 2000; Soltignvasion processes are analysedsgkyand Hulme, 2005).
et al., 2003a). While large haploid numbers of chromosomes Data on the haploid chromosome number and the level of
are explained with repeated ancient rounds of polyploidiza-polyploidization were extracted from the online databases
tion (“palaeoploids”, e.g. Grant, 1963; Goldblatt, 1980) with BIOLFLOR (Klotz et al., 2002) and Plant DNA C-
subsequent diploidization., “apparent” polyploids point to values (Bennett and Leitch, 2005). To account for con-
evolutionary recent polyploidization events. Polyploids of- founding éfects we included the time span since introduction
ten exhibit broader ecological tolerances than their diploid(Kowarik, 1992), growth form (tree versus shrub), biogeog-
ancestors (Otto and Whitton, 2000; te Beest et al., 2012yaphy and occurrence of phylogenetically related natives (ex-
and therefore may be able to cope with unfavourable envitracted from Schmeil et al., 2000) into a general linear model.
ronmental conditions (Hijmans et al., 2007). This advantageThe time span since introduction was considered to account
associated with polyploidization has been explained by thgfor an obvious constraint: plants introduced very recently
larger number of non-linked gene duplicates which increasecan only show short time lags and therefore one expects a
genetic variance and therefore the speed of adaptive evoludecrease in the time lag with decreasing time since introduc-
tion (Lee, 2002; Soltis et al., 2003a, b). Furthermore there igion. Two measures of time since introduction were used:
some evidence that polyploidy leads to changes in morpholfirst, the time period (in years) from the first documented oc-
ogy and physiology of species and facilitate invasiveness (segurrence of an alien plant species in Brandenburg or Berlin
te Beest et al., 2012). For instance polyploids invest more irto 2008 (Kowarik, 1992), and second, the time (in years) that
the production of shoots and rhizomes increasing competithe considered alien species had been cultivated in Europe
tiveness (Schlaepfer et al., 2010). Thus, it is not surprising(Kowarik, 1992). Many alien species in Europe were at first
that the world’s worst weeds are polyploids (Brown and Mar- cultivated in Southern Europe and later brought to Central
shall, 1981) and that polyploids occur in higher frequenciesand Northern Europe. Hence, our second measure accounts
among alien plants (Pandit et al., 2006, 2011; te Beest et al@lso for time a species may have evolved adaptation to the
2012). general European environment. However, since both mea-
Here we test the idea that the time lag of an alien speciesures showed a strong positive correlatios: 0.82) we cal-
should decrease either with an increasing number of chromoculated a PCA and used the species scores of the first PCA-
somes or increasing level of po|yp|oidizati0n_ Thereby we axis in subsequent analyses. This axis accounted for 95 % of
consider the haploid chromosome number and the level othe variation.
polyploidization (e.g. diploid, tetraploid, hexaploid). Hence, \We considered the growth form as a surrogate for gener-
we are able to distinguish between tteeets of ancient and ation time which can be used for a first test of the “geno-
recent polyploidizations. typic hypothesis” (see introduction). Shrubs or climbers are
smaller and typically characterized by a shorter generation
time than long-lived trees. Shrub or climber species were
2 Material and methods coded as zero and trees as one respectively. Data on the
species biogeography were taken fronaBdle et al. (2008).
We considered 53 alien woody plant species (28 trees and 2%/e scored the species according to the distance of their na-
shrubs) occurring in Germany and in particular, in Branden-tive range to Central Europe (for details secitle et al.,
burg (Kowarik, 1992). These species have been brought t2008). We considered biogeography since one may argue
Brandenburg deliberately as agricultural gochorticultural ~ that an alien plant from a distant biogeographic realm has
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evolved in an ecosystem with little resemblance to Europe.
Hence pre-adaptations may be few compared to alien specie 100 - )
from adjacent regions. Occurrence of phylogenetically re-_. o
lated natives was included for three reasons. First, a numg
ber of studies showed that species with no close relativefg 508 3,.":' ge° _
in the area of introduction are on average more successt?E) i °
than those with congeners in the area (Keane and Crawley o 8 o
2002). Second, contrary to the former it has been arguel
that especially at larger scales, alien plants with closely re- . . . . .
lated native species are more likely to become successful a 10 20 30 z 4 6
pre-adaptations to certain environmental conditions facilitate Chromosome number Polyploidy
Co-e?(lstence with natlw_as_ (D_lez et gl., 2008). Third, CloseFigure 1. (left) Correlation between the time lag (in years) of alien
relatives aIIOW_for. hybrldlzz_itlon Wh'_Ch may accele_rate es- plants in the state Brandenburg of Germany and their haploid nun
cape from cultivation (see introduction). Taxonomic prox- per of chromosomesi 53, r = —0.13, P = 0.36). (right) Corre-
imity (occurrence of at least one native congener) was codeghtion between the time lag of alien plants and polyploidy:63,
as one (present) and zero (absent). r = -0.39,P = 0.03). See text for further explanations. Note that in
We used a simple general linear model (type | sumthe left panel both axes were Iggransformed.
of squares) to analyse our data. Prior to all analyses,

the time lag and the number of chromosomes wergplog ) ] ] ]
transformed. Comparative studies caffsufrom “pseudo- time since introduction and the time lag (Table 2). Neverthet

replication” when species are treated as independent datgSS even after accqunting foraII.other independent variaples
(Harvey, 1996). We used nested analysis of variance to cal2nd even after adding the haploid chromosome number into
culate the amount of variance accounted for by various tax{he model, we found a significant negative relationship ber
onomic levels (genus, family, order). If most of the varia- tWeen the time lag and polyploidization (Table 2). This result
tion in time lag is among species within genera, a phy|oge_hold.al:so after_recodlng the Ie\(el of polyploidization from a
netic corrected analysis is not necessary (Freckleton et algontinuous variable to factor with two levels (Table 2). Note
2002). We used “R” (R Development Core Team, 2004) anda!so, that neither taxonomic proximity nor grgvvth form or
the function “varcomp” within the package APE to calculate Piogeography was significantly related to the time lag.
variance components (Paradis et al., 2004). These analyses

revealed that, by far, most of the variation in time lags{§¢¢g 4 Discussion

transformed) was among species within genera (85 %). 11 %

were distributed among orders and 4 % among genera withifour data show a decrease of the time lag with increasing
families. For the family level we found only minor variance polyploidization. By contrast, the time lag was not signifi-
components<{1 %). All analyses were therefore carried out cantly related to the number of chromosomes suggesting that
on the species level. Note also that in our data set only sixather recent gene duplications than ancient ones increase the
genera (13 %) out of 48 were represented by more than onékelihood for a fast escape from cultivation. Except for the

species. control variable “time since introduction” all other consid-
ered variables were not related to our measure of the time
lag.

3 Results Several authors noted that species with many chroma-

somes have a polyploid origin (Soltis and Soltis, 2000; Soltis
Time lags showed considerable variation among alien woodyet al., 2003b; Paun et al., 2007). There is ample evidence that
plant species (Table 1) and ranged from P8upus seroting ~ during the evolutionary history of species, repeated rounds ¢
to 415yr Prunus persica Haploid chromosome number polyploidization events have contributed to the present strug
ranged between 7 (e.Rosa rugospand 24 chromosomes ture of the genomes, in particular in families of woody an-
(Syringa vulgari3. Polyploidy varied between diploid (the giosperms which provide the bulk of the species analysed i
bulk of species, see Table 1) and hexaploid (&llgx eu- this study (Soltis et al., 2003b, see Table 1). However ou
ropaeus. Haploid number of chromosomes was not corre- analysis indicates that not ancient polyploidization but rathe
lated with the level of polyploidizatiorr (= 0.04, P = 0.78). recent polyploidization events are important for the escap
We found no significant relationship between the time lagfrom cultivation. We are currently not able to present a de
and the haploid chromosome numbee(-0.13, P = 0.36, tailed understanding for thesefldirences. Little is known
Fig. 1, left). By contrast, there was a significant nega-about the temporal dynamics of the genetic variance in poly
tive correlation between the time lag and polyploidization ploids (Doyle et al., 2008). But one may speculate tha
(r =-0.39,P =0.03, Fig. 1, right). General linear modelling the evolutionary potential of old polyploidizations declines
revealed the expected strong positive relationship betweeover time. Thereby genome downsizing (e.g. Leitch ang
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Table 1. Table of the alien woody plant species analysed in the present study. The lag phase (years between introduction and escape fror
cultivation), time since introduction (years), growth form=(8hrub or climber, % tree), taxonomic proximity (& without native congener,
1=with native congener) the haploid chromosome number and the level of polyploidy of the species are listed.

Alien woody plant species  Time Time since Time since  Growth  Taxonomic Haploid Polyploidy
lag introductionto introduction to form proximity ~ Chromosome
Europe Brandenburg or number
Berlin
Acer negundo 183 320 272 1 1 13 2
Aesculus hippocastanum 124 432 345 1 0 20 2
Ailanthus altissima 122 263 228 1 0 20 4
Amelanchier alnifolia 53 120 88 0 1 17 4
Amelanchier lamarckii 98 385 223 0 1 17 4
Amelanchier spicata 92 208 208 0 1 17 4
Amorpha fruticosa 93 284 223 0 0 10 4
Berberis thunbergii 93 158 121 0 1 14 2
Buddleja davidii 56 121 112 0 0 19 4
Caragana arborescens 195 256 239 0 0 8 2
Chaenomeles speciosa 110 174 144 0 0 17 2
Colutea arborescens 265 448 414 0 0 8 2
Cornus alba 84 267 235 1 1 11 2
Cydonia oblonga 285 2008 414 1 0 17 2
Elaeagnus angustifolia 147 325 272 1 0 14 2
Elaeagnus commutata 42 195 186 0 0 14 2
Forsythia suspensa 132 175 175 0 0 14 2
Fraxinus ornus 246 448 272 1 1 23 2
Fraxinus pennsylvanica 184 212 212 1 1 23 2
Kerria japonica 172 204 195 0 0 9 2
Laburnum anagyroides 198 448 345 1 0 12 4
Lonicera tatarica 94 256 238 0 1 9 2
Lycium barbarum 70 312 239 0 0 12 2
Mahonia aquifolium 38 186 186 0 0 14 2
Malus domestica 124 2008 345 1 1 17 2
Mespilus germanica 193 2008 414 1 0 17 2
Parthenocissus inserta 221 403 345 0 0 20 2
Philadelphus coronarius 183 446 352 0 0 13 2
Physocarpus opulifolius 91 325 239 0 0 9 2
Picea pungens 104 145 127 1 1 12 2
Pinus strobus 117 303 238 1 1 12 2
Populus x canadensis 165 258 221 1 1 19 2
Potentilla fruticosa 125 308 272 0 1 7 2
Prunus armeniaca 308 2008 351 1 1 8 2
Prunus cerasifera 359 508 458 1 1 8 2
Prunus cerasus 237 1508 458 1 1 8 4
Prunus domestica 193 2008 414 1 1 8 6
Prunus persica 415 2008 458 1 1 8 2
Prunus serotina 29 385 212 1 1 8 4
Pseudotsuga menziesii 112 181 156 1 0 13 2
Pyracantha coccinea 217 379 402 0 0 17 2
Pyrus communis 193 2008 414 1 1 17 2
Quercus cerris 161 269 212 1 1 12 2
Quercus rubra 114 284 235 1 1 12 2
Rhus hirta 137 386 262 0 0 15 2
Robinia pseudoacacia 152 385 336 1 0 10 2
Rosa multiflora 141 204 167 0 1 7 2
Rosa rugosa 119 163 167 0 1 7 2
Sorbaria sorbifolia 108 249 212 0 0 9 2
Sorbus intermedia 112 219 212 1 1 17 4
Syringa vulgaris 124 446 345 1 0 24 2
Thuja occidentalis 324 472 368 1 0 11 2
Ulex europaeus 56 447 223 0 0 16 6
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Table 2. Effects of time since introduction, taxonomic proximity, crease in the ratio of hon-synonymous to synonymous nu
growth form, biogeography, chromosome number and polyploidy cleotide substitutions or higher nucleotide diversity in poly-
on the time lag. The table shows the results of a linear model. Thfploids (Sun et al., 2007), others found the opposite patter,
time lag and the chromosome number wereddgansformed be-  (Caldwell et al., 2004) or no ffierence (Cedroni et al., 2003).

fore analyses. Significant F-valueB£0.05) are printed in bold 15 g ggests that the success of polyploids is not the rest
(n=52). Recoding the level of polyploidization to a factors with

two levels (yego) leads to almost the same results (for the factor
polyploidizationF = 6.6; P = 0.014).

seems to be far more important.

Independent variables LagTime lag Higher levels of polyploidy with the associated evolution-
df F P ary potential might explain a fast escape from cultivation bu
Time since introduction (PC1) 1 39 <0.001 not necessarily also the success of an alien species. We fou
Taxonomic proximity 1 0.001 0.97 no relationship between time lag and distributional range o
Growth form 1 0.60 0.44 the analysed alien woody plants in Germany (across specie
Biogeography 1 0.014 0.91 n=47,r=-0.17, P=0.25, distributional range was mea-
Logio Chromosome number 1 091 0.35 sured from grids of 10 min longitude6 min latitude, for de-
Level of polyploidy 1 7.5 0.0086 tails see Bandle et al., 2008; see also Kowarik, 1995). It
Residuals (MSS) 45 (0.033) is important to bear in mind that the invasion of a species

is a complex multistage process depending on intrinsic a
well as on extrinsic factors (Dietz and Edwards, 2006). In-

Benett, 2004) is an important process. But downsizing maytrinsic factors comprise species traits such as genetic co
enhance stability of the polyploid genome and reduces biostitution, generation time, dispersal ability, seed size an
chemical costs (Leitch and Benett, 2004, see below). Therelongevity, native range and propagule pressure (Hamilton ¢
fore a trade-f between the evolutionary potential and sta- al., 2005; Pgek and Richardson, 2007). Extrinsic factors
bility of polyploidy may exist. include habitat characteristics (e.g. habitat availability), dis

Polyploids are on average more successful invadersurbance, occupation of vacant niches and competitive in
(e.g. Stebbins, 1971; Lee, 2002; Pandit et al., 2006, 2011teractions with native or other alien species (Sakai et al
Hijmans et al., 2007; Stenberg et al., 2003; Schlaepfer e2001). The importance of these factors seems to be contex
al., 2008). A number of mutually non-exclusive mechanismsdependent and may vary during thefeient stages of the
have been proposed to explain this observation (Soltis andhvasion (e.g. P§ek and Richardson, 2007). Finally, interac-
Soltis, 2000): (i) polyploid species generally maintain higher tions with other trophic levels such as herbivores or microbe
levels of heterozygosity than their diploid relatives providing are also important for the success of an invader (Callawal
the evolutionary potential to evolve adaptive and competitiveand Maron, 2006).
genotypes. (ii) Polyploid species are less prone for inbreed- Besides the decrease of the time lag with polyploidiza
ing depression and can tolerate higher levels of selfing thanion our analyses revealed that short time-lags are more con
diploids. Selfing is important during the early stages of inva-monly found within alien plants introduced very recently.
sion when populations are small and scattered. (iii) ExtensiveOf course this result is expected because plants introduce
genomic rearrangements such as intergenomic translocatioreslonger time ago can show both short and small time lag
are common in polyploids producing novel genotypes within while plants introduced very recently can if at all exhibit only
few generations. (iv) Finally, polyploidy increases the av- short time lags. Nevertheless, there are other processes tl
erage rate of recombination’s between loci and therefore demay contribute to this trend. For example, the relationshiy
creases linkage between genes (Otto and Whitton, 2000). Alinay depend on higher recorder activity and awareness of th
these processes may also explain our observation that theublic in recent times which facilitated the detection of es-
time-lag decreases with polyploidization. caped populations (Williamsen et al., 2005). Furthermore

On longer time scales, polyploidization is often followed the recent changes in the landscape due to increasing hum
by diploidisation (e.g. Doyle et al., 2008). Diploidisation populations and activity may facilitate the escape from culti-
is accompanied by several important changes in genomiwation (Williamsen et al., 2005).
constitution (Soltis et al., 2003b) which may also increase Although the results of our study are in line with cer-
adaptability (e.g. Leitch and Bennett, 2004; Bossdorf et al.,tain mechanistic explanations about the importance of poly
2008; Soltis et al., 2003b; Leitch and Leitch, 2008). All the ploidzation for a fast escape from cultivation we want to
proposed mechanisms suggest that adaptations evolve mop®int to several shortcomings of our approach. First, our dat
rapidly in polyploids than in their diploid relatives. However, are restricted to woody plants that have been brought delik
there is only limited empirical support for the hypothesis that erately to Brandenburg. Hence, our data set is biased. In pd
the evolutionary rates fier between polyploids and diploids ticular without herbaceous species our test of the “generatio
(Soltis et al., 2003b). While some studies reported an in-time”-hypothesis is very weak. Note also that our surrogats
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of the accumulation of mutations in non-functional genes that
become functional within a new environment. Rearranger
ment of existing genetic information into adaptive genotypes
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for the generation time was very crude. Second, our measur€ousens, R. and Mortimer, M.: Dynamics of weed populations,
of the time lag comprises “only” the time between introduc- Cambridge University Press, New York, 1995.

tion and escape from cultivation. Such a definition of the Dietz, H. and Edwards, P. J.: Recognition that causal processes
time lag is rather unusual (see introduction). Therefore, our change during plant invasion helps explain conflicts in evidence,
study does not allow drawing conclusions about the triggers_ Ec0l0gy. 87, 1359-1367, 2006.

of the naturalization and the invasive phase. Third, there is nd®'¢Z J- M-, Sullvan, J. J., Hulme, P. E., Edwards, G., and Duncan,

direct evid for th ies included in our analvsis that R. P.: Darwin’s naturalization conundrum: dissecting taxonomic
Irect evidence 1or the Species inciude our analy patterns of species invasions, Ecol. Lett., 11, 674—681, 2008.

greater haploid number of chromosomes are due to ancierBOyle’ J.J., Flagel, L. E., Paterson, A. H., Rapp, R. A., Soltis, D. E.,

polyploidization with subsequent diploidization. Fourth, we Soltis, P. S., and Wendel, J. F.: Evolutionary genetics of genome
did not touch the issue whether the type of polyploidiza- merger and doubling in plants, Annu. Rev. Genet., 42, 443461,
tion e.g. allopolyploidy versus autopolyploidffect the out- 2008.

comes of our analysis. Such data are currently not availableZlistrand, N. C. and Schierenbeck, K. A.: Hybridization as a stim-

but need to be considered in future analyses, because thereulus for the evolution of invasiveness in plants?, P. Natl. Acad.

is some evidence that allopolyploidy is the moifioient Sci. USA, 97, 7043-7050, 2000. _
mechanism to accumulate evolutionary novelties (Doyle etreckleton, R. P., Harvey, P. H., and Pagel, M.: Phylogenetic anal-
al., 2008). ysis and comparative data: a test and review of evidence, Am.

: : Nat., 160, 712-726, 2002.
Overall, we showed that time lags of alien woody plant Goldblatt, P.: Polyploidy in angiosperms: Monocotyledons, in:

species decreased with increasing level of polyploidy. Polyploidy: Biological relevance, edited by: Lewis, W. H.,
However it is important to bear in mind that our data set Plenum Press. New York. 219-239. 1980.

covers only the time lag between introduction and escapgsrant, V.: The origin of adaptations, Columbia University Press,
form cultivation. We also acknowledge that we are still far  New York, USA, 1963.

from a mechanistic understanding of the variation in theHamilton, M. A., Murray, B. R., Cadotte, M. W., Hose, G. C.,
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