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Summary

The objective of this paper is to identify the factors that promote the invasiveri®gsloflendron ponticum L. by the means

of comparative field observatiorRhododendron ponticum (Ericaceae) is an evergreen shrub with a natural distribution in the
Mediterranean and Black Sea area and was introduced to the British Isles in 1763. Thenceforward, the species has been consi-
dered as a major threat to natural ecosystems there.

We compared native and invasive population&Rlddodendron ponticum with respect to trait patterns that are associated
with invasiveness. Six populations each in the natural part of its range, in Georgia (Caucasus) and Spain as well as six invasi
ones in Ireland were examined with regard to biometrical, morphological and ecological characteristics.

Invasive Irish populations differed from non-invasive ones mainly in growth patterns and showed much higher rates of annual
shoot growth in the field and higher rates of seedling recruitment. In contrast, native Spanish populations were discriminated
by their shape and age; whereas native Georgian rhododendron, above all, showed distinctive leaf characteristics. In general,
the relationship between Irish and Spanish populations was closer than to the Georgian ones. Our results suggest that both
genotype and environment account for the trait pattern found in Irish populations. Differences in genetically fixed &aits had
greater effect in morphological differences to Georgian provenances. In contrast, the invasive Irish rhododendron were favour-
ed by a more benign environment than the Spanish populations.
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Introduction been regarded as a responsible component role in inva-
sion processesCornelissen et al. 1998 ;Grotkopp
In recent years, biological invasions by non-native spet al. 2002). However, there is no straight forward way
cies have become a focus of ecological research maitdydetect crucial life history traits of an invasive species,
because of their profound impact on ecosystévteof  since ecological, physiological, morphological and
ney & Drake 1986 ;Williamson 1996 ;Parker et al. genetic characters or a specific combination of them
1999;Lonsdale 1999). Invasiveness matters, in partichave to be consideredBgdker & Stebbins 1965;
ular, since many invasive species have been reportedBiker 1974 ; Williamson 1996). Moreover, the suc-
exert high reproduction pressure on the communitess of a species in a new habitat is mainly due to how
invaded Noble 1989) or to be highly productive and tothe species’ characteristics interact with the new envi-
attain a larger size in their new ar&rgwley 1987; ronment Lodge 1993).
Blossey & Notzold 1995). In this context, especially In studies on invasion ecology, we consider a multi-
high relative growth rates (RGRs), that can be ascribsthge approach useful: 1) observation of the invasion
to specific leaf attributes of the invading plants, havevent in the new area 2) comparison of native and inva-
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sive populations in the field and then 3) experimental Rhododendron ponticum has a disjunct distribution.
demonstration of the impact of putative key factors. Formerly widely spread in Europe during the Tertiary

The obvious first step is to study a species’ spreadamd Pleistoceneldssen et al. 1959;Mitchell &
the new habitatSukopp & Starfinger 1995;Wade Watts 1970;Meusel et al. 1978), the species present-
et al. 1997) and to compare these observations withoccurs in the Western Caucasus region, Asia-Minor,
other invasion patterns ¢dge 1993). In this way, e.g., in the eastern part of the Balkans, as well as in an out-
Kowarik (1995) was able to reconstruct introductiopost on the southern part of the Iberian peninsula
and spreading dynamics of woody species in Germa(iyig. 1). Although range expansion in Western Europe is
and, thus, reveal the relevance of a lag phase betwessiilh in progress, nativ&khododendron stands are des-
species’ introduction and the initiation of its invasiorcribed differently, either as having stable populations in
process. Although such observational studies offer usspecific habitats (e.g. in Georgia) or as declining popu-
ful hints on possible key factors promoting invasivelations of a severely endangered species, e.g. in Sou-
ness, they cannot answer questions as to whether thiémsen Spain,Blanca et al. 2000). The origin of inva-
factors are actually the crucial ones. To assess thsige Rhododendron populations is still being discussed.
strength of the effects of these factors, experimental adgilne & Abbott (2000) recently used restriction frag-
proaches are necessaBr(elheide 1999;Lavorel ment length polymorphisms of chloroplast DNA to
et al. 1999). Consequently, there are many studies tishbw the existence of a mostly Spanish provenance for
immediately focus on phase 3, thus, comparing specifitis species.
traits experimentallyThébaud et al. 1996 Weber & A few studies have focused on the population bio-
D’Antonio 1999;Siemann & Rogers 2001). logy of Rhododendron ponticum, to date. In particular,

However, at this point, there is no evidence thamvasive British and Irish populations have been the
these traits are also operative in the species’ native haloeus of numerous scientific investigationSok &
tat, which should be analysed in the second step. Shiutchinson 1963; Cross 1975; Cox 1979; Shaw
prisingly, there are only few studies that take native ari®84 ; Tabbush & Williamson 1987). Recent studies
invasive ranges into account. In any case, these codealt with the ecology and control &ododendron
prehensive approaches are laborious and difficult to rg@nticumin Turkey Esen 2000). The basic parameters
lise. Nevertheless, in this manndsrigulis et al. of reproductive biology and critical life stages in Spain
(2001), e.qg., were able to demonstrate thaEfiiium were studied bivejias et al. (2002), and plasticity para-
plantagineum the rates of seedling establishment fronmeters were analysed in a Spanish and a Belgian popu-
the seed bank and the rate of incorporation into the sdation (Niinemets et al. 2003). Thus, no research project
bank were higher in the invaded area in Australia thanlras taken the total range into consideration, although
native Mediterranean populations. Investigations ithis has been clearly recognized as necesbkigjiés
native and exotic populations @lytisus scoparius in et al. 2002).

Europe and Australia have shown that absolute seedlingThe objectives of this study are to make a general
mortality is higher in the introduced rangeaynter comparison ofRhododendron ponticum’'s native and

et al. 1998 Sheppard et al. 2002 and references thereintroduced range, with a special focus on patterns of
in). In any case, a higher variability in seedbank patterns

and in the transition from seedbank to seedling due to
habitat specific differences more than compensates .
this loss $heppard et al. 2002). Providing a systemati
cally quantifying comparison of an invasive specit
both in its native and invasive range can, therefore, n ,,.
row down the spectrum of possible key factors.

The objective of this study is to apply this procedu
to Rhododendron ponticum. This paper is the first of a
consecutive series of studies that intend to elucidate
connection of both the ecological and the genetic ba: «

9 Natural distribution
* | of R. ponticum

% Invasive occurrences |4 o

> 140"

ground of this species’ invasion success. T on 5 g
Rhododendron ponticum L. is a suitable system for ' g
studying an invader’s ecology both in its new and n ~ W o\
tive habitats. Since its introduction to the British Isle =f -~ = = & = ] »
in the 18 century the species has spread into natu_ - v * * “

ecosystems with massive invasions. It is currently reqg 1. Native distribution and invaded areasRbbdoden-
garded as one of the ‘top twenty’ British alien plant speiron ponticum (after Cross 1975) and location of study sites.
cies Crawley 1987). Each symbol comprises six study sites.
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growth and morphology. We hypothesize, in particulgBouthern Spain and Portugahododendron ponticum ssp.
(i) that invasive Irish populations show higher growtrbaeticum is either associated with mediterranean sclerophyl-
rates in the field than native occurrences, and (ii) thi@us forests under maritime influence, mainly along creeks, or
reproduction is more successful in the new area. Fini-’scr“b"’de element of humid mountain randésj{as et al.

ly, our aim is to point out the most possible key facto gg(z))mlk;e:?n populations can be found between 400 and

promoting INVaSIVEeNess that should be tested in SUbse'Introduction to the British Isles dates back to the year 1763
quent experiments. (Elton 1958). Since that time, the species has extended its
range in Western Europe, where it exerts a major impact on
natural communities. Particularly in Great Britain and Ireland
M aterial and methods Rhododendron ponticum has invaded oak-dominat€iiercus
petraea- and mixed forests as well as heaths and bogs. The
) present invasion tendency appears to be eastward with actual
Study object occurrences in the Netherlands and Belgium as well as in
Northwest GermanyNiinemets et al. 2003; personal obser-
Rhododendron ponticum L. (Ericaceae) is an erect, evergreervations).
shrub attaining a height of 2—8 mutin et al. 1972). Taxo- The species propagates by producing numerous small
nomical differentiation exists between plants of the Black Seseeds. Vegetative growth occurs by layering branches on the
area (sspponticum) and Iberian occurrences (sspeticum)  ground. Cover with litter can lead to rooting, subsequent sepa-
based on distinctive traits in leaf morphology: individualsation of branches from the parental plant and finally result in
assigned to the sspaeticum in general have smaller leavesindependent ramets that seem to have no obvious connection
and a larger length-width-ratio than individuals of ggmti- to each other. Nevertheless, in Britain, vegetative spread is
cum (Tutin et al. 1972;Davis 1978; Castroviejo et al. very limited, Rhododendron ponticum is not able to sucker
1993).R. ponticum ssp.ponticum is an element of deciduous (Shaw 1984).Cross (1975) pointed out that IrisRhododen-
summergreen mixed forest and beech forest communitiesdron axes lack mechanical strength so that the plant extends
the pontic lowlands and extends up to the subalpine level. dather laterally than vertically.

Table 1. Names, locations and vegetation characteristics of the studied populations.

Coun- Pop. Location Elevation Latitude Longitude Aspect Slope CByer CoverR.p. Canopy
try shrub herb layer cover
layer
[m.a.s.l] 1 1 %] (%] (%]

Geo A Banis-Khevi 980 N 41°53.020° E 043°21.188' 336 22 70 30 75

Geo B Keda-Akutsa 500 N 41°35.557" E 041°57.107" 320 15 60 4 100

Geo C Dandalo 910 N 41°38.035" E 042°07.588 10 18 60 10 65

Geo D Botanical Garden, 85 N 41°41.975 E 041°43.219° 37 14 60 20 80
Batumi

Geo E Djarnali 175 N 41°33.165 E 041°36.611" 340 15 50 10 74

Geo F Mtirala 960 N 41°39.119'" E 041°47.184" 360 30 50 10 55

Esp G Garganta de Puerto 790 N 36°30.919° W 005°37.416" 105 8 80 4 85
Oscuro

Esp H Garganta de Passada 760 N 36°30.403° W 005°35.960' 122 7 60 10 65
Llana

Esp | Arroyo del Montero 660 N 36°29.650" W 005°35.962" 229 4 80 10 80

Esp K Garganta de Enmedio 445 N 36°32.085’ W 005°38.222' 357 5 60 10 70

Esp L Llanos del Juncal 740 N 36°06.334" W 005°32.468 32 10 60 4 70

Esp M Riode la Miel 430 N 36°06.486° W 005°31.306° 67 10 70 10 80

Ire N National Park 60 N 52°00.161' W 009°30.301" 350 15 40 10 65
Killarney, Torc Mnts.

Ire O National Park Killar- 35 N 51°58.394" W 009°35.494' 14 12 40 20 60
ney, Ladies View

Ire P Glengariff 35 N 51°45.388" W 009°33.820' 297 18 60 10 55

Ire Q Galtee Mnts. 180 N 52°22.452° W 007°58.744’ 179 15 80 10 70

Ire R Knockmealdown 220 N 52°15.535° W 007°57.065' 353 22 80 10 50
Mnts.

Ire S Greenan,Wicklow 120 N 52°55.945" W 006°18.555" 31 10 80 80 65
Mnts.
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Study sites and sampling design by length, width and shape. Shape was defined as length from
leaf base to widest width divided by length. In total, we meas-

Study areas were chosen across the species’ entire range; tHIg] 2673 leaves.

including the species’ central range in the Black Sea area, on

the Iberian peninsula and its invasive occurrences in the Byi: .

tish Isles. In Georgia, Spain and Ireland six populations eaE}ppulatlon parameters

were studied (Table 1). All s.tudy site; were confingd to foresﬁ) analyse population structure, a density survey was conduct-
because these are the typical habitats in Georgia and Spa§-along a transect of 1m*1m subplots diagonally aligned
In addition, the focus on forests provided also comparahigithin the study square. Within a total of 16 subplots per popu-
growth conditions among all sites. Selection of study sites Wigion, all detecte®hododendron individuals were recorded.
performed by covering the altitudinal and geographical rangge counted seedlings, saplings and individuals of different

within each country including different forest types with thgyejght classes. For each individual the basal diameter at soil
intention of sampling the span of possible occurrences. Al|;iface was measured in two directions.

study sites faced north and had a similar slope of 10 to 20°.The proportion of clonality within a population was assess-
A single Georgian site (F) had to be located along a steeperdiyr i the transect survey by classifying each encountered
_cI|nat|on due to a lack of alternat|ves_, whereas Spanish Sit@lividual as derived from either sexual or vegetative repro-
in general, were less steep. In Georgia and Ireland, study si@g+ion. Identification of ramets in the populations followed

were located along a transect of a length of 150 km apgdcognition of layerings combined with simultaneous adventi-
250 km, respectively. The transect followed a west to east gfgsys rooting.

dient of decreasing annual precipitation. Due to sparse Iberian
occurrences, the Spanish populationBiaidodendron ponti-

cum had shorter distances between them (maximum 50 knBruit set
The Spanish sites can be assigned to two groups: four si
located in humid forests of the Aljibe Mountains in small rive

valleys (‘canutos’) and two further locations near the Strait §p" €ach of the 16 target individuals marked per site in 1999.
Gibraltar with a more maritime influence, partially under "ansition from buds to racemes was determined by repeated
cloud forest conditions. counting in 2000. In 2000, we collected 10 racemes each from

The sampling survey within a population was carried oddividuals with sufficient fruits. Successful maturing was
systematically. At each site, a square of 16m*16m was set j}gn duantified by counting the proportion of capsules con-
in a homogenouBhododendron population and divided into a [@NiNg seeds on the total capsule set within a raceme. We cal-
grid with a 4-m mesh size. Since the grid was laid out from &Hlated fruit set as the ratio of mature fruits to total fruits per
arbitrary point and strictly orientated towards north, the exatttdividual.

i ; ; ) < The impact of self-fertilisation was tested by the use of

osition of the 16 grid points was random. In five Spanish ; . o
gopulations plots V\%th aplength of 32 m and a width gf 4 rfauze bags in the winter of 1999/2000. Within each popula-
; ; Jign, eight generative buds of different individuals were cho-

sen and bagged with gauze bags of a mesh width of 2 mm to
exclude insect mediated pollination. In the summer of 2000,
the bagged fruits were gathered to analyse fruit set. The next

. . adjacent non-bagged raceme was collected as a reference for
Biometrical parameters fruit set.

S .
e number of both generative buds and racemes was counted

ed a total area of 256%m

At each site, 16 individuals were selected for biometrical o

measurements. The individual with a minimum height of 5&\ge determination
cm that was nearest to the grid point was chosen for biometyi-
cal survey and permanently marked for consecutive recording: ts Due t tai duction th t miaht b
Study sites were established and investigated from Novemb Fn(;s.l ue .oh.vegezalve r?p(o uction the gleni mignt be
1999 to February 2000 and populations were repeatedly megeCch 0 der. Within each population ten randomly chosen indi-

ured in summer 2000 (July to September) and 2001 (Augustvﬂguals were cut for counting growth rings. The associated dia-

October). meters were measured to generate a population specific linear

In the winter of 1999/2000 the biometrical parametetjsegreSSion model. Age of target individuals and of transect

height, extension and basal diameter of each individual WengleldU&ﬂS was then estimated referring to the particular basal

measured. For each marked individual the highest sprout Wﬂhameters.
a terminal vegetative bud was chosen, and the number of
shoots and leaves were recorded with reference to the previ ‘ot

year’s internode. Internode elongation of the preceding veg(gfatlsuc‘rjII analyses

tation period was regarded as the annual increase in sh rvival of leaves

length and recorded as growth parameter. Measurements 0

growth parameters were repeated in summer 2000 and 200te survival rate of leaves was defined by calculating the tran-
Each time the increase in shoot length and basal diameter, sit®n probabilities for encountered leaves in 1999 and 2000 to
incidence and the number of new branches and the numbeths year 2001. Furthermore, in 2001 all existing leaves were
leaves were recorded. Leaf morphology was described in 1988unted and dated back to the year of their apparent emer-

e determination oRhododendron individuals referred to
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gence with reference to the respective internode. For Irish ingirocedures (proc factor and proc princomp) using a data
viduals, we encountered the incidence of several internod@astrix at the population level to elucidate the assignment of
per year in 2000 and 2001. In these cases, survival rateppbvenances to their particular key variables and their poten-
leaves was then adjusted to the correct age of internode. tial divergence.

In the PCA, we considered all recorded traits of growth,
reproduction and morphology that were also analysed by uni-
variate statistics with the exception of ‘Number of racemes
2000, ‘p transition bud 1999-fruit 2000’, ‘Proportion of ma-
All calculated parameters were tested for normal distributidre fruits’ due to missing values, and variables that are trans-
(proc univariate, Shapiro-Wilk-statistics, SAS Institute 2000yerable into one another. Thus, the matrix consisted of 36
Since most of the parameters were not normally distribute¢friables and 18 populations. The resulting coordinates of
the data were transformed into ranks. We then employed'&its were scaled by a factor of 4 for plotting.
nested ANOVA model, with main factor ‘country’ (fixed) and
‘population’ (random) nested within country (proc glm; SA
Institute 2000). Post-hoc tests were performed using Ryal
Einot-Gabriel-Welsch (REGWQ) multiple range tests. If not_. )
stated otherwise, significance levels for all tests were setéﬂomemcal data
a =0.05. In all figures, data are presented as median valugs
with quartiles and the range between minimum and maximu .rOWth

Simple regression analysis was used to examine pairwi ; P : . : :
relatior?shipsgbetween selgcted traits (proc corr; Smm?i- Sver th_e total mvestlgatlon period f[he invasive Irish
tute 2000) to clarify interactions. These results refer t(populatlpnsllshowed h'%TGSt values in allfgrr(])vvthlparar—]
Spearman rank correlationg) (due to the parameters’ non_meter_s in all years (Table 2)_' Increase of shoot engt
normal distribution. was significantly the largest in Ireland. For example, in

The relationship among all traits was analysed by a Prinicz001 the increase in Ireland was 19.6 cm compared to
pal Component Analysis (PCA), an unconstrained lineaf.1 cm and 4.6 cm in Georgia and Spain, respectively.

approach. Ordination of individuals was performed with SAFhus, the increase in shoot length of invasive popula-

Data analysis

esults

Table 2. Growth parameters and leaf morphology. Values are medians of population means (n = 6), i.e. the mean of all sam-
pled individuals in a population; p values refer to ANOVAy = 0.05; **a = 0.01, *** o = 0.001, n.s. = not significant; n = 6

for each provenance. Different letters indicate significant differences according to the REGWQ-test. No. refers to labelling of
parameters in Fig. 11.

No. Variable df. F p GEO ESP IRE
1 Increase in shoot length 1999 [cm] 2 7.52 0.0055 9.82 9.84 17.2
2 Increase in shoot length 2000 [cm] 2 25.28 <0.0001 6.12 6.61° 20.6%
3 Increase in shoot length 2001 [cm] 2 27.00 <0.0001 7.14 459 19.64
4 Sum of total increase in shoot length 1999-2001 [cm] 2 14.50 0°000330.6% 38.89  124.68
5  Number of branchings 2000 2 8.77 0.0030 0.19 0.34 1.47
6 Number of branchings 2001 2 7.30 0.0061 0.47 0.39 119
7 Number of internodes 2 6.28 0.0104 1.00 1.00° 127
8 Leaf number 1999 2 37.57 <0.0001 7.19 8.72 11.8%1
9 Leaf number 2000 2 51.08 <0.0001 6.38 7.7% 15.2%8

10 Leaf number 2001 2 30.52 <0.0001 6.59 5.79 14.13

11 Sum of leaf number 1999-2001 2 21.16 <0.0001 23.7% 30.37 73.78

RGR Increase in basal diameter [mm yeamt?] 2 11.59 0.0009" 0.04 0.0Z 0.08

12 Increase in basal diameter [fyear?] 2 12.64 0.0008" 1.73 1.43 6.1

13 p leaf transition 1999-2001 2 3.67 0.0503n.s. 0.83 0.50

14 p leaf transition 2000—2001 2 3.18 0.0707n.s. 0.97 0.89

15 Maximum age of leaves [years] 2 1.48 0.2596n.s. 2.13 1.89

16 Length of leaf [cm] 2 21.29 <0.0001 19.94 15.38 14.99

17  Width of leaf [cm] 2 38.18 <0.0001 5.512 3.92 3.80

18  Shape of leaf [cm ¢ 2 12.39 0.0007 0.66! 0.63F 0.64

19 Leaf area [cH) 2 36.07 <0.000T" 90.94 51.18 48.84

20  Length-width ratio [cm crd] 2 4.29 0.0336 3.69 3.96® 4.0%

21 Maximum leaf area [cth 2 50.02 <0.000T" 12229 67.27 71.4°F

22 Maximum length of leaf [cm] 2 39.31 <0.0001 229G 17.57 17.99

23 Maximum width of leaf [cm] 2 41.19 <0.0001 6.65 4.83 4.88
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Fig. 2. Absolute increase in shoot length during vegetatidrig. 3. Absolute increase in shoot length in 2000 on the popu-
periods 1999, 2000, 2001. Medians, quartiles, minimum aration level. Values are medians, quartiles, minimum and
maximum refer to population medians (n = 6), i.e. the mean ofaximum (n = 16). Different letters indicate significant differ-
16 individuals in a population. Different letters indicate signifences according to the REGWQ-test.

icant differences according to the REGWQ-test.

tions was two to four times higher than in native popusignificantly more leaves than the Spanish and Geor-
lations (Fig. 2). Variability within the countries wasgian ones (Fig. 4). Variability was highest within the
different: growth values of Spanish populations werkish populations, especially in 2000 and 2001 (mini-
consistently low; whereas Georgian increases in shaoum and maximum 10.1-19.0 and 9.1-19.0). Signif-
length in 2000 ranged from population medians 2.6 cioant differences were encountered for all recorded
t0 9.8 cm and the Irish ones from 9.9 cm to 30.0 cm. Sigrowth parameters: with a median of 1.5 branches per
nificant differences between populations were especialprout in 2000 and 1.2 in 2001 branching occurred more
ly found within Irish provenances (Fig. 3). Although theoften in Irish populations (Table 2). In a similar manner,
increase in shoot length of most of the Irish populatioriee number of internodes per year was significantly
with a median of 9.6 cm was significantly higher thahigher in the same periods. The median increase in basal
that of Spanish and Georgian populations, the Irigfiameter over two years was 6.2 cm in the Irish popula-
population N did not differ significantly from native tions; whereas the native ones reached less than a third
populations in 2000. This trend was also observed fof this value.
population N in 1999 and 2001. Life span of leaves showed no significant differences

With a median leaf number of 12.0, 15.1 and 14.3 fdretween countries (Table 2), although the probability of
the subsequent years, the Irish populations produdedf transition from 1999 to 2001 just barely failed to be

significant: with a median transition probability of 0.8
20 Georgian leaves tended to have a longer persistency

GEO than Irish (0.6) and Spanish (0.5) leaves.
181 | esp a
IRE

M or phology

Data on leaf morphology revealed clear differences
between the Georgian populations and those of other
origin (Table 2, Fig. 5): leaves from Georgian rhodo-
b dendrons reached a median length of 19.9 cm; whereas
individuals from Spain and Ireland had significantly
4 shorter leaves with 15.4 cm and 15.0 cm, respectively.
1999 2000 2001 Analogously, GeorgianRhododendron leaves were
Vegetation period widest and had both highest median leaf area of 90?9 cm

Fig. 4. Absolute increase in number of leaves during vegetﬁncl maximum leaf area of 122.3%ased on popula-
tion period 1999, 2000, 2001. Medians, quartiles, minimuion medians of the largest leaf of each of the 16 sam-
and maximum refer to population medians (n = 6), i.e. tHeled target individuals in a population. Purely morpho-
mean of 16 individuals in a population. Different letters indilogical traits such as length-width ratio and shape of
cate significant differences according to the REGWQ-test. leaves revealed highly significant differences between

Number of leaves
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Fig. 5. Leaf characteristics of Georgian, Spanish and Irish populations. A) Absolute length of leaves, B) Absolute width of
leaves, C) Length-width ratio of leaves D) Maximum leaf area. Medians, quartiles, minimum and maximum refer to population
medians (n = 6), i.e. the mean of 16 individuals in a population. Different letters indicate significant differences aodbeling
REGWQ-test.

Georgian provenances on the one hand, and Spanish 88d/ears (minimum 25 years and maximum 85 years).
Irish ones on the other hand. The Irish and Spdilish  Georgian and Irish target individuals were significantly
dodendron leaves were more narrow and straightegounger with a median of 22 and 23 years, respectively
Similarly, the parameter shape, defined as length frofRig. 7). Density of populations, which was calculated
leaf base to widest width divided by width, showed &rom all individuals > 20 cm, showed no significant dif-
significantly different expression for Georgian leaves
compared to Spanish and Irish ones.

=] Geo
=] ESP
iRE

Population parameters

Population structure

The distribution of all target individuals in height cla
ses (Fig. 6) reveals that Spanish populations were dc
nated by high individuals. The majority of studied Sy
nish individuals was found to have a height of 2—3
whereas most of the Irish individuals belonged to 51 /
1-2 m class. The majority of Georgian individuals we ok
even smaller with highest frequencies in the class u < b
1 m. Data on volume and extension of the investigz

individuals showed similar trends (Table 3). The calcigig. 6. Frequency distribution of individuals within each
lated mean age of the target individuals was highestdbuntry. Values are absolute numbers of individuals in each
the Spanish populations, where it reached a medianatdss (n = 96 for each country).

Frequency of individuals
[
[~}

i : 1 i
(2] [23] [34] [4-51 [56] (671 >7

Height classes [m]
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Table 3. Reproduction characteristics and population traits. Values are medians of population means (n = 6), i.e. the mean of all
sampled individuals in a population; p values refer to ANOVA (variable indices 1 = referring to target individuals, 2 greferrin

to additional individuals, 3 = referring to transect squares);=0.05, ** a = 0.01, ** a = 0.001, n.s. = not significant.

Different letters indicate significant differences according to the REGWQ-test. No. refers to labelling of parameters.in Fig. 11

No. Variable d.f. F p GEO ESP IRE
24 Number of generative buds 1999 2 1.55 0.2435n.s. 1.37 1.63 5.94
25 Number of racemes 1999 2 0.16 0.8503n.s. 0.78 0.72 1.31
Number of racemes 2000 2 1.86 0.2474n.s. 1.14 1.78 4.23
p transition bud 1999-fruit 2000 2 0.14 0.8726n.s. 0.87 0.90 0.92
Proportion of mature fruits 2 0.08 <0.9221n.s. 0.89 0.89 0.89
26 Ratio p gauzel/p refererice 2 1.40 0.2781n.s. 0.09 0.07 0.05
27 Proportion of clonality [%4] 2 22.74 <0.000T" 56.35 5.28 12.9%
28 Seedlings 2000 [rf* 2 7.36 0.0059 0.00 0.00 1.38
29  Saplings 2000 [M]! 2 0.69 0.5189n.s. 0.09 0.00 0.09
30 Seedling 2001 [M]* 2 19.66 <0.000T 0.00 0.0 2.5%
Age transect individual [years] 2 6.52 0.0092 12.14 23.34 16.0FP
31 Density of individuals >20cm [rf]* 2 0.70 0.5123n.s. 2.34 1.56 1.84
32 Extension in direction 1 [r#] 2 8.64 0.0032 1.38 2.97 2.14
33 Extension in direction 2 [rf] 2 9.81 0.0019 1.20 2.26 1.83
34 Height of target individuals [r#] 2 12.75 0.0006" 161 2.93 2.1@
35  Volume of target individuals [rf] 2 10.8 0.0012 2.0P 20.83 6.48
36  Age target individuals [yeafs] 2 15.52 0.000Z 21.84 53.09 23.0&

ferences between the countries (Table 3). Althoudimg establishment in any of the Georgian populations:
maximum values (5.5 individuals pePnwere much whereas rare establishment events were encountered in
higher in Georgian populations, they did not differ sigSpain only in populations K and M in the year 2000
nificantly from Spanish or from Irish populations. (with a median of 2.9 and 0.2 seedlings péy amd in
population K and L in 2001 (with a median of 2.5 and

. 0.1 seedlings per #h In contrast, seedling density was
Reproduction much higher in Ireland, with a median of 1.4 and 2.6
Regeneration studies showed significant differencegedlings per fin 2000 and 2001. Population N was

in reproduction success with a consistent pattern fhe only Irish site in 2000 where no seedlings were
both observation periods (Fig. 8). There was no seeglcountered. In 2001, the maximum of seedling density
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Fig. 7. Calculated mean age of Georgian, Spanish and IriBig. 8. Seedling density in Georgian, Spanish and Irish popu-
individuals. Medians, quartiles, minimum and maximum refdations in 2000 and 2001. Medians, quartiles, minimum and
to population medians (n = 6), i.e. the mean of 16 indivimaximum refer to population medians (n = 6), i.e. the mean of
duals in a population. Different letters indicate significant dif16 transect squares in a population. Different letters indicate
ferences according to the REGWQ-test. significant differences according to the REGWQ-test.
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Intercorrelation

PCA revealed a clear pattern for all examined traits
(Fig. 11). The first axis explained about 37.2% of the
" * total variation of the data set and showed a strongly posi-
tive correlation with most of the growth traits, such as
¢ increase in shoot length (nos.1-4 in Fig. 10), number of
leaves (nos. 8—11), number of branching (nos. 5—-6) and
number of internodes (no. 7). The traits of leaf morpho-
logy (nos. 16—23) and leaf age (nos. 13—15) were nega-
5 tively correlated with axis 1. The second axis explained
about 24.6% of total variance and was closely corre-
lated with size traits. A third axis still explained a furt-
her 10.9% of the total variance and was related to traits
Fig. 9. Absolute numbers of generative buds in 1999 (A) aref reproduction, such as numbers of buds, fruits, seed-
numbers of succeeding fruits in 2000 (B). Medians, quartilebngs and saplings (nos. 24—26, 28—30). The popula-
minimum and maximum refer to population medians (n = 6}ions of all origins were clearly assigned to specific key
i.e. the mean of 16 individuals in a population. Different letfactors. Georgian populations were closely associated
ters indicate significant differences according to the REGWQyith |eaf traits; whereas discrimination of Irish popula-
test. tions was mainly due to their growth rates. The Spanish
and also the Irish populations N and Q were character-
ised by size traits. The latter two Irish populations de-
viated from the rest; i.e. they were more closely corre-
was observed in the Irish population O, with a med@t€d with Spanish populations than with Irish ones.
value of 9.9 seedlings pem Leaf age was positively related to population densrt_y
We found no significant difference in the number of¥hen based on the pooled data of the three countries
generative buds in 1999 between the three countrigdd- 12)- Leaf persistence increased significantly with
(Fig. 9a, Table 3). However, although not significan ,enS|ty_of |_n_d|V|duaIs above 20 cm. The correlation was
the Irish individuals displayed a trend toward a highét/SC _ Significant when based only on Georgian
flowering rate. Variability among Irish populations wags=0.841,  p=0.036) and Spanish ;10.829,
much higher than in Georgian and Spanish populatioRg" ¢:0416) populations, but was not for Irish ones
with a minimum number of 0.1 buds per individual if's= 0-787, p = 0.1429). Leaf area and number of leaves
population N and a maximum of 16.5 buds in populd¥€'e negatively correlated in the pooled data set
tion Q. The transition probability from buds 1999 t Fig. 13a). However, this relationship was due to differ-

fruits 2000 was the same in all countries (Table 3). NCes between countries. Georgian plants had few lea-
addition, the provenances showed no significant dif-
ference in fruit set. Nevertheless, the median numbe- ~*
racemes per individual was higher in Irish populatio

with a median of 4.2 racemes (and a maximum of 1~ —|—
racemes in population Q) compared to a median of -

Number of generative buds in 1999
Number of fruits in 2000
©
[

GEO ESP IRE GEO ESP IRE

and 1.8 racemes per individual in Georgia and Sp £ & o
(Fig. 9b). The proportion of mature fruits as a meas! % it
of fecundity of fruit set was the same in all countrie s , -
A median percentage of 89% of all capsules reac! s
maturity (Table 3). 5 b
Gauze bag treatment reduced fruit set to lesst § %
10% compared to non-bagged fruits (Table 3). T § |:|':|::jb
treatment effect was high in all countries, but did not c 0
fer significantly between them.
GEO ESP IRE

The proportion of clonality was significantly dif-
ferent between the countries (Fig. 10): GeorgR0- i 10 proportion of clonality within the countries. Medi-
dodendron populations reached a median proportion ofys, quartiles, minimum and maximum refer to population
clonality of 56%, while only 5% of the Spanish indivi-medians (n = 6), i.e. the mean of 16 transect squares in a popu-
duals and 13% of the Irish individuals showed clonadtion. Different letters indicate significant differences accor-
spread. ding to the REGWQ-test.
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Fig. 11. PCA ordination diagram

of 1stand 29 axis. Letters refer to

population indices (A—F: Geor-

gian populations, G—M: Spanish
populations, N—S: Irish populati-
ons). Numbers and arrows refer to
recorded variables.

Axis 2
N

-6 -4 -2 0 2 4 6 8
Axis 1

ves but at the same time large specific leaf areas. In c@iscussion

trast, the median leaf area was smaller in the Spanish

and Irish populations; whereas the number of leaves whise three provenancesRifiododendron ponticumwere

higher. Total leaf area per marked shoot in 1999 watearly differentiated with respect to morphological and

positively correlated with the number of leaves in Geoplant ecological characteristics. According Baker

gian and Spanish populations but not in the Irish on€s974), rapid growth, high seed production, vigorous

(Fig. 13b). Although Irish and Spanish rhododendronggetative reproduction and competitiveness, in partic-

did not differ from each other in median leaf arealar, can be expected to be of importance for an inva-

(Table 2), the Irish plants had a larger total leaf area p&ve species. At first glance, these assumptions seem to

marked shoot (Fig. 13b). This larger leaf area was attaiapply forRhododendron ponticumin general. However,

ed by a larger number of leaves per shoot. Neither the clearly showed that some factor groups of invasive

Irish nor the Spanish individuals achieved full comperiraits were explicitly connected to Irigthododendron,

sation for smaller leaf areas compared to Georgian inavhereas others were not.

viduals, but compared to Spanish rhododendrons, theA larger size, which is often mentioned as an attri-

Irish ones managed to make up for losses to a highmrte of invadersElossey & Notzold 1995;Craw-

degree. ley 1987), was associated with Spanish rhododendron,

rather than with the invasive Irish ones. Spanish popu-
lations are striking for their high fraction of king-sized

34 and comparably old individuals. Thus, the generalisa-

tion that more species are larger as aliens than as natives

(Crawley 1987) cannot be confirmed. Recent studies

3.0

0
S 6 contend that these summarising observations do not
= comply with essential requirements of comparability
> 22 and, thus, reject any generalisation for reasons of sam-
.*; 18 pling bias Gimons 2003). Thébaud & Simberloff
o (2001) also refused any generalised assumption of
w0 o oo increased height in invasive plants in their introduced
= 0 A Ao range. They utilised the Flora Europaea data, as did
. . Pooled R = 0,601, p = 0.0084 Crawley (1987), supplemented by California and
08, p 2 3 7 5 s Carolina records to perform reciprocal comparisons.
Population density [individuals (» 20.my ™1 The former authors compared floras of native and intro-

duced range and looked for tendencies of plants to be

Fig. 12. The relationship between age of leaves based on tRY€r in some particular region, no matter what their ori-
mean of 16 individuals in a population and population densijin, and demonstrated that, apart from an origin effect,
assessed by 16 transect squares in a population. an effect of destination, i.e. of habitat, applied, too. It is
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However, although vegetative propagation was encoun-
tered in single Irish populations, clonality does not seem
to be a prominent factor in invasivenessRbbdoden-

dron ponticumin Ireland.

The results confirmed our first hypothesis that Irish
populations show higher growth rates than native ones.
Since the high growth rates are the most prominent fea-
ture of the Irish populations, they are quite probably the
decisive factor to explaining the invasion success of
Rhododendron ponticum. They might be genetically
or environmentally determined. For example, in green-
house experimentkythrum salicaria shows a better
growth in introduced populations from North America
than in native ones from Europe and A8agtlova &
Kvet 2002). Willis et al. (1999) documented higher
plant growth for non-indigenous genotypes Lgth-
rum salicaria from Australia and the USA compared to
indigenous ones, although these differences were not
significant. Greenhouse experiments with different
R. ponticumorigins also confirmed highest growth rates
for the Irish populations (unpublished data). In contrast,
a common garden experiment with native and invasive
provenances ofCarduus nutans, Digitalis purpurea,
Echium vulgare and Senecio jacobaea provided only
little support for a genetically determined trait, but sup-
ported the hypothesis of a response to benign environ-
mental conditions in the new area of introductidfi k-
lis et al. 2000).

Fig. 13. The relationship between A) leaf area and number of |4 i5 probable that both concepts applyRhododen-

leaves and B) sum of leaf area per shoot in 1999 and num
of leaves in 1999. Each value is based on the mean of 16 in

viduals in a population.

*6n ponticum. Depending on whether invasive Irish
hd Georgian or Irish and Spanish populations are com-
pared, the differences seem to have either a genetical or
an environmental explanation. With respect to, most
probably, genetically fixed traits, i.e. of leaf morpho-

possible that, in the present study, the restriction togy, the Irish individuals differ from Georgian ones, but

populations at forest sites in all countries might hav&how high similarity to Spanish rhododendrons. These
influenced the results of plant size, since many rhodeesults agree with the finding that invasive British popu-
dendron in Ireland can be found in open areas, whdegions have mainly originated from Spanish popula-
they attain larger sizes than those recorded in the presgons (Milne & Abbott 2000). Thus, the differences
study. Ultimately, this matter can only be answered big leaf morphology, which ascribe large and persistent
reciprocal transplant experimenBr{elheide 1999; leaves to Georgian populations, are probably due to
Willis et al. 2000). taxonomical separation of the two subspecies.

Another factor associated with invasiveness is clonal Shorter-lived leaves might be associated with lower
spreading. However, this characteristic was typical famonstruction costs in Irish rhododendrddagel &
Georgian rather than Irish populatiofarnon et al. Griffin (2001) reported lower area-based leaf con-
(2000) could demonstrate that layering is only weaklstruction cost values for invasiveythrum salicaria
developed or absent in younger populations but extgplants compared to five co-occurring herbaceous plants
sively developed in closed and mature oneRhodo- and shrubs. They suggested that the production of more
dendron ferrugineum. Although we did not find high photosynthetic leaf surface area with lower energy
proportions of clonality for Spanish populationsexpense, resulting from either lower requirements or
Mejias et al. (2002) reported that in many cases exchigher energy efficiency, would help to outcompete
vation revealed a layering origin from a bigger planneighbouring native species. These results agree with
These authors discuss the meaning of a variable bhese obtained in the study Baruch & Goldstein
lance between sexual reproduction and vegetative m(1:999). In a comparative investigation between native
tiplication depending on environmental conditionand invasive species in Hawaii, the authors showed that
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invasive plants had a higher specific leaf area and loweal observation)Mejias et al. (2002), thus, hypothe-
construction cost than native ones. The authors ascriieed, that the main invasion process in invaded Western
this to a generally more efficient use of resources corBuropean areas occurs by effective seedling recruit-
bined with higher growth rates of invasive speciesnent. The actual findings are in accordance with the
Nevertheless, a less costly leaf construction comparedésults ofGrigulis et al. (2001). The authors studied
Georgian individuals applies similarly to Spanish onedemographic parameters in the life cycle Ezhium
and, thus, does not explain why Spanish rhododendrplantagineum both in its native area in Mediterranean
are less invasive than Irish ones. The obvious answurope as well as in invaded ranges in Australia. They
can only be that Spanish populations are climaticalfpund seedling establishment in Australia that is five
constrained. The fact that Irish rhododendron have pridmes greater than in native habitats; whereas the pro-
fited from a release from climatic restrictions is expregportion of seed bank loss during the germination period
sed, on the one hand, by rapid and high growth, and was similar between both sites, thus, indicating a lower
the other hand by only brief interruption during wintenumber of safe sites for seedling establishment in the
periods as seen by the recorded numbers of internodggcies’ native range.
in Irish populations. For Irish sites in general, two to Despite the findings of a clear trait complex promo-
three periods of stem elongation are mentioned, img invasiveness in Irish populations, the large varia-
May-June and July-August, a third period may occur ition in these traits among Irish populations should not be
September and a few buds might already open ignored. In the area of introduction, the performance of
February Cross 1975). The pattern of range expansioimdividuals (and populations) with respect to growth and
also supports this view since the spread of invasive rheeedling establishment varied to a much higher degree
dodendron in their new range mainly concentrates dinan in the species’ native area. Not all Irish populations
the West coasts of Ireland and Britain, thus, apparengiiowed the observed key factors to the same degree, i.e.
profiting from climatically suitable condition®Jéher some were more similar to Spanish populations.
1986). Additionally, the hypothesis that a release froM/hether these circumstances are caused by a cor-
climatic constraints is effective was also supported bgsponding variability of habitat specifics or whether
own observations: Spanish rhododendron individuateey are the result of different genotypes cannot be
once transplanted to an Irish forest site developed wealksessed by observational studies. Growth experiments
under local conditions (unpublished data). with populations from all provenances under controlled
Environmental conditions, in general, also seem to lenditions and profound analyses of site conditions to
of vital importance for the second key factor of Iristtorrelate seedling establishment with environmental
populations, i.e. reproduction. Sexual reproduction waharacteristics are necessary to distinguish between spe-
limited in both native origins but was high in Irelandgific invasive traits and a pure habitat effect or even
this confirming our second hypothesis. Reduced fruit sgénotype-environment interactions.
seems to be less important in a natural setting. Similar-In any case, we can draw the conclusion that growth
ly, reduced germination capacity is also of little importates and seedling recruitment, in particular, affect the
as laboratory experiments have shown (personal obsevasion success &hododendron ponticumin the Brit-
vations). In contrast, failure of seedling establishmeigh Isles, and that both, genotype and environment, have
seems to be crucial. These findings agree with the resuwdtstrong impact on this process.
of Mejias et al. (2002), who studied population struc-
ture and reproduction patterns in 20 sampRaddo-
dendron populations in Southern Spain. Some of their
populations are identical to our own study sites (G, A cknowledgement
K, L). Mejias et al. (2002) concluded that in spite of
relatively high fruiting rates, recruitment in Spanistwe gratefully acknowledge the assistance of Giorgi Nakhuts-
populations is low and depends on the availability afshvili from the Georgian Academy of Science, Thilisi, and
safe sitesCross (1975) found similar requirements forZurab Manvelidze from the Botanical Garden, Batumi, for
successful recruitment in Ireland, but Irish sites offer teir help in locating appropriate plots and for organizing the
higher number of suitable sites that shield seedlinéj@'d work in Georgia. Selection of study sites and realisation

from drought. The occurrence of safe sites in Spajgtl Spain was possible due to the friendly and helpful support
: : : Juan Arroyo and Arndt Hampe, Universidad de Sevilla. We
is closely restricted to the contact zone of the river®) ) i ; ; A
where hL)J/mid soils and brvobhvte carpets can be fou nk Felipe Oliveros for kindly granting us permission to
yopny P rk in the Los Alconorcales Natural Park. We are indebted to

(Mejias et al. 2002). We can also confirm this by addigery poyle, University College Dublin, and the staff from
tional observations in two Spanish populations (I and Kijarney National Park and Wicklow National Park for reali-
along the waterline, where seedling densities of 0.1 asgtion of field work in Ireland. We thank Mathias Wegner,
7.1 seedlings per fmvere encountered in 2000 (persoAnke Neugebauer, Christoph Benze and Svenja Bruns for
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