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I have lately been especially attending to Geograph. Distrib., & most splendid 

sport it is, -a grand game of chess with the world for a Board. 

         C. Darwin (1856-58) 

 

 

 

The tendency of animals and plants to multiply beyond the means of subsistence 

and to spread over all available areas is well understood. What naturalists wish to 

know is not how species are dispersed, but how they are checked in their efforts 

to over-run the earth. 

         C.H. Merriam (1894) 

 

 

 

Natura nusquam magis est tota quam in minimis. 

       Gaius Plinius Secundus (77-78) 

 

 

 

“First you must find... another shrubbery! (dramatic chord) Then, when you have 

found the shrubbery, you must place it here, beside this shrubbery, only slightly 

higher so you get a two layer effect with a little path running down the middle. ("A 

path! A path!") Then, you must cut down the mightiest tree in the forest... with... a 

herring!”  

Monty Python and the Holy Grail (1975) 





 

Dankwoord 

 

Vijf jaar bosplantjes en eindelijk een afgewerkt doctoraat…tijd om eens terug te blikken en vooral 
een aantal mensen te bedanken. Want in onze sector als plantenecologen waarbij we leven van 
voorjaar tot voorjaar (“oei, wat is dat weer snel voorbij, en ik ben die drie variabelen vergeten op te 
meten”…ja, we zijn stiekem jaloers op alle labo-onderzoekers die zelf hun experimenten kunnen 
plannen) zijn er heel wat mensen nodig om de tussenliggende periodes door te komen en op te 
fleuren. 
Vooreerst mijn twee promotoren: Martin Hermy en Kris Verheyen. Martin, bedankt om me na een 
korte uitstap weer op te vissen in het labo, en vooral om me daarin de ruimte en de vrijheid te laten 
om de dingen te doen die ik graag wilde doen. Wat gezien mijn mentaliteit van “ik wil graag alles 
en liefst meteen” zorgde voor een niet alledaagse loopbaan die elders wellicht niet evident 
geweest zou zijn. Die vrijheid, samen met de gemoedelijke (werk-)sfeer, hebben mij al die tijd met 
veel plezier tot het verre Leuven (toch telkens een lastige trip vanuit het Hoge Noorden) doen 
komen. Kris, de band met jou overstijgt uiteraard de gewone promotor - doctorandus relatie. In 
veel zaken ben ik in jouw voetsporen getreden – gaande van een steenuilenstage bij de 
Wielewaal, over eerst mijn thesis en dan dit doctoraat bij jou – en heb op die manier zeer veel aan 
je gehad: zowel inhoudelijk als aan de manier waarop. Ook nu doen we nog heel wat dingen 
samen, al dan niet werkgerelateerd (het conservatorschap van de Dombergheide en diverse grote 
en kleine projecten) en wellicht is de sfeer op onze 2 à 3-maandelijkse wandeltochten het meest 
tekenend: gezellig babbelen en discussiëren waarbij we op het eind van de trip meteen vergaderd 
hebben zonder het te beseffen. Hopelijk kunnen we dit blijven doen! 
Verder wil ik Prof. Vanderleyden, Bente, Martin, Hubert en Bart bedanken voor het enthousiast 
vervolmaken van mijn jury. Het IWT dank ik voor de financiële steun. 
Vervolgens zijn er de mensen die wellicht het meest rechtstreeks hebben bijgedragen tot het 
welslagen van dit doctoraat: mijn collega’s en ex-collega’s in Leuven. Dat zijn er heel wat en om 
enige structuur te bewaren zal ik het verhaal min of meer chronologisch vertellen. Toen ik begon in 
Leuven, aanvankelijk nog op het SAFE-project (regenwormen vangen voor gevorderden), werd me 
‘het duivenkot’ als bureau toegewezen. Na een half uur rondzwerven op het ILWB (trapje op, 
bureau door, deur door, nog een trap, …) en net op tijd bukken voor de deur van 1.50m ontmoette 
ik mijn ‘mede-duiven’ Patrick en Pieter: het begin van een memorabele periode. Dit is niet de plek 
om alle duivenkotgeheimen prijs te geven, maar de – vaak hilarische - sfeer blijft in het geheugen 
gegrift, mannen! Zoals kuisvrouw Nancy destijds zei: “ondanks de vuiligheid de gezelligste bureau 
van het ILWB!” Aan die vuiligheid hadden we overigens slechts ten dele schuld: naast bizarre 
ecologische experimenten met oude koffiefilters deden zich allerlei mycologische en 
geurverschijnselen voor die de sfeer echter niet konden drukken. (Cf. de voedselinspectie: 
“hebben jullie last van die paddestoelen op de muur?”) 
Op mijn dagelijkse beklimming naar het duivenkot, passeerde ik diverse mensen, die elk op hun 
eigen manier hebben bijgedragen aan dit doctoraat: door wijze raad, gemoedelijke babbels en/of 
idiote spelletjes. In order of appearance1 waren dit Kris, Els, Johnny, Martine, Bea, Rebecca, 
Katrien, Inge. Maar ook de andere bureau’s werden op tijd en stond eens bezocht voor 
hogergenoemde activiteiten of kwamen zelf naar het duivenkot voor een pintje op 
vrijdagnamiddag: Dries, Brecht, Jeroen, Moïra, Griet, Babs, Steven, Bart, Olivier, Hans, Jan, Rein 
en vele anderen. Jullie zorgden allen voor de sfeer die nodig is om met plezier een doctoraat te 
maken. Eens verhuisd naar het Geo-instituut begon een nieuwe episode. Els, Klaar, Hans en Jan 
werden m’n nieuwe bureaumaatjes en hebben mij met veel enthousiasme bijgestaan in de laatste 
maanden van dit doctoraat. Parasietenmeisjes Els en Klaar, jullie zijn echte schatjes en 
respectievelijk de “koffiepauzes” en looptochtjes deden telkens veel deugd. Ook Hans en Jan, 
merci voor het trouwe bondgenootschap tegen al dat West-Vlaamse vrouwelijke geweld. Ook de 
oude en nieuwe gezichten (Dries, Katrien, Brecht, Fred, Patrick, Hans, Rein, alle landschappers 
en bossers) op de gang: bedankt voor de onderhoudende koffiepauzes, middagdiscussies, 
uitstapjes etc.  

                                            
1 Hiermee bedoel ik ruimtelijk langsheen het traject van de ingang tot het duivenkot, een temporele 
opsomming van verschijnen op het labo zou wellicht lopen van Johnny tot Moïra met mezelf in het laatste 
kwart. 
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te lande. Eric, merci voor de hulp bij het opstellen van mijn experiment2, het inmeten van Waalse 
hyacintenpopulaties, het niet aflatend tellen van kiemplantjes, zelfs wanneer ik al gillend het bos 
uitliep omwille van de muggen. Hans, ook jij bedankt voor de hulp bij het veldwerk, zowel in 
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enthousiasme een leuke toekomst tegemoet gaan bij Natuurwerk.  
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Jan, Kris (beiden zie ook Natuurwerk), Jan B, Wouter, Dirk, Luc (x3), Ludo, Tom, Vital, Guy, Kristof 
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voor onze ideeën! En Jannen (en Suzy en Inge natuurlijk), alle tijd vanaf nu voor nog meer 
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‘De mannen’ (+ vrouwen de laatste jaren), merci voor de avonden op café (een stabiele factor 
doorheen de jaren) ondanks de nodige kritische opmerkingen over mijn onderzoek (dixit Filip: 
“planten die zo moeilijk doen verdienen niet beter dan uit te sterven, net als die panda’s die alleen 
bamboe willen eten”). Ook schatjes Ellen en Lieselot, merci voor de noodzakelijke vrouwelijke 
aandacht en zorgen, muzikaal ingekaderd door Kristof en Jan. Louis en Jeanne, Jan en Karen, Bo 
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Samenvatting 

 

Bij elke studie over de ligging en grenzen van arealen van (bos-)plantensoorten 

in West-Europa, zowel als in Noord-Amerika, moet de glaciale geschiedenis van de 

regio in het achterhoofd worden gehouden. Grote delen van Europa waren met ijs 

bedekt tijdens het Pleistoceen en bossen waren beperkt tot de zuidelijke refugia in en 

dichtbij de gebergten van Zuid-Europa. Bijgevolg hebben ongeveer alle actueel 

voorkomende bosplanten zich tijdens het Holoceen (11.500 jaar geleden tot nu) in 

deze regio verspreid en gevestigd.  

De areaalgrenzen van snelverbreidende plantensoorten kunnen nauw 

aansluiten bij die geografische regio’s waar biotische en abiotische factoren een 

stabiele en positieve populatiegroei toelaten; deze soorten worden als “in evenwicht” 

met het milieu beschouwd. Daarentegen kan de huidige verspreiding van andere 

plantensoorten slechts ten dele overeenstemmen met het beschikbare habitat omwille 

van een vertraagde uitbreiding na historische episodes van verstoring en 

klimaatsvariatie. Voor deze taxa zijn de huidige arealen en de ligging van de 

areaalgrenzen “artefacten” van historische processen en de taxa nemen dus slechts 

delen in van het potentieel geschikte habitat. Soorten die zulke tijdsachterstand (en 

dus het persisteren van historische effecten; E. "time lags”) hebben in hun 

areaaldynamiek, worden “uit evenwicht” met het milieu beschouwd. Voor 

plantensoorten wordt verondersteld dat dergelijke tijdsachterstand geheel of 

gedeeltelijk het gevolg is van levenskenmerken, in het bijzonder een beperkte 

zaadverbreidingscapaciteit en leeftijd. 

Het bepalen of de arealen van plantensoorten al dan niet in evenwicht zijn met 

het klimaat is belangrijk in de context van de voorspelde klimaatsopwarming in de 21ste 

eeuw. Immers, indien planten over een beperkte kolonisatiecapaciteit beschikken, 

zouden ze ook slechts in beperkte mate op regionale en meer globale 

klimaatsveranderingen kunnen reageren, wat belangrijke implicaties kan hebben voor 

het behoud en beheer van de soortendiversiteit. Bovendien kan het onevenwicht in 

areaalomvang nog groter worden. 

Het doel van deze thesis is na te gaan in hoeverre bosplantensoorten in West-

Europa al dan niet in evenwicht zijn met het huidige klimaat, om de gevolgen hiervan 

voor de biodiversiteit te voorspellen in het licht van de voorspelde klimaatswijziging en 

ten slotte om te verkennen of eventuele maatregelen iets uithalen en of ze haalbaar 

en/of wenselijk zouden zijn. 
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Verschillende methoden en onafhankelijke datasets werden gebruikt om deze 

doelstellingen te onderzoeken. Uit observationele studies , waarbij vegetatie-

opnamen en verspreidingsgegevens van een groot aantal bosplantensoorten aan 

geografische en klimaatgegevens gekoppeld werden, identificeerden we patronen in 

de huidige afbakening van arealen. Vervolgens werden deze patronen gekoppeld aan 

autecologische karakteristieken die gerelateerd zijn aan verbreidingsvermogen. 

Aansluitend werden directe bewijzen voor verbreidingslimitatie gezocht door het 

uitvoeren van translocatie-experimenten . Hierbij werden zaden en adulten van een 

beperkt aantal bosplantensoorten tientallen tot honderden kilometers buiten hun 

natuurlijk areaal gebracht en hun overleving en performantie opgevolgd. Ten slotte 

werd nagegaan welk effect de handel in planten heeft op de verspreiding van een zeer 

groot aantal plantensoorten en in welke mate (bos-)planten geassisteerd worden in 

hun verbreiding (E. “assisted migration”). 

De analyse van vegetatie-opnamen in bossen van Zuid-Frankrijk tot Nederland 

toonde een duidelijke turnover (hier gedefinieerd als de verandering in 

vegetatiesamenstelling) langsheen een klimaatgradiënt. In de veronderstelling van een 

ongelimiteerde verbreiding, zouden verschillende plantensoorten onder invloed van de 

verwachte opwarming van de aarde tot honderden kilometers noordwaarts kunnen 

migreren. Als gevolg daarvan zou de samenstelling van de bestaande 

plantengemeenschappen substantieel wijzigen. Op basis van de onderzochte 

plantenkarakteristieken zouden soorten met een hoger Ellenberg-temperatuursgetal, 

scleromorfe soorten, hemicryptofyten en stress-tolerante soorten het meest kans 

maken om abundanter te worden in de noordelijke regio van het studiegebied. De 

assumptie van ongelimiteerde verbreiding zal echter in vele gevallen problematisch 

blijken, zeker bij bosplantensoorten die aangepast zijn aan de stabiele condities van 

bossen, en gekenmerkt worden door korte aftandsverbreiding en een lage 

kolonisatiecapaciteit. 

De variatie in geografische arealen van de onderzochte West-Europese 

bosplantensoorten bleek geassocieerd te zijn met bepaalde levenskenmerken, maar 

die verschilden voor houtige en kruidachtige soorten. Voor kruidachtige soorten waren 

vooral verbreidingstype, zaadproductie en de langlevendheid van de zaadbank 

significant gecorreleerd met areaaleigenschappen, waaronder de grootte van het 

effectief ingenomen areaal. De areaaleigenschappen van houtige soorten daarentegen 

vertoonden minder significante relaties met levenskenmerken, hoewel de maximale 

plantgrootte positief gecorreleerd was met de ligging van het zwaartepunt van het 

areaal. Bovendien bleken de arealen van soorten met een beperkt 

verbreidingsvermogen meer gegroepeerd dan die van soorten met morfologische 
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aanpassingen voor lange afstandsverbreiding. Deze bevinding impliceert dat de 

arealen van sommige plantensoorten eerder gelimiteerd zijn door hun beperkte 

kolonisatiecapaciteit dan door het klimaat of andere omgevingsvariabelen.  

De experimentele transplantatie van vier plantensoorten buiten de noordelijke 

areaalgrens toonde een duidelijke verbreidingslimitatie voor drie van de vier soorten. 

Het succes van de getransplanteerde planten bleek gedeeltelijk negatief gecorreleerd 

met de afstand tot de huidige natuurlijke noordgrens van hun arealen. Ook hierin zien 

we een sterke aanwijzing dat het klimaat eerder fungeert als de ultieme limiet op de 

potentiële verspreiding van bosplantensoorten, maar dat de huidige areaalgrenzen 

daar niet mee overeenstemmen. 

Dezelfde conclusies konden getrokken worden uit de resulaten van een lange-

termijnexperiment met de doorlevende bosplant Wilde hyacint (Hyacinthoides non-

scripta): na 45 groeiseizoenen waren 11 van 27 getransplanteerde populaties zich 

immers nog aan het uitbreiden met een groot aantal zaailingen en jonge planten. 

Deze resultaten kunnen van cruciaal belang zijn bij het voorspellen van de 

effecten van de verwachte klimaatsveranderingen op de biodiversiteit in de toekomst. 

Als soorten al gelimiteerd waren in hun vermogen om het post-glaciale Holocene 

klimaat te volgen tijdens de voorbije 10.000 jaar is de kans immers uiterst klein dat ze 

snel genoeg kunnen reageren op de verwachte verschuivingen in de nabije toekomst. 

Dit doet belangrijke vragen rijzen over de noodzaak van “begeleide migratie” (E. 

“assisted migration”) voor traag koloniserende plantensoorten. Terwijl 

natuurbeschermers actief debatteren over de zin en onzin hiervan, tonen onze 

resultaten dat, voor 73% van de inheemse soorten (resp. 65% van de bosplanten) die 

verkocht worden in kwekerijen over gans Europa, de commerciële noordgrens van hun 

areaal veel noordelijker ligt - met een gemiddelde van ca. 1000km (resp. 880km) - dan 

hun natuurlijke noordgrens. Dit illustreert dat we onbedoeld al een behoorlijk aantal 

plantensoorten geholpen hebben bij hun noordwaartse migratie. 
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Summary 

 

Any evaluation of contemporary range extent and range edge patterns for 

forest plant species in Western Europe, as well as in eastern North America, is framed 

by the glacial history of the region. During the Pleistocene, forests and woodland were 

almost non-existent, except in and close to the mountain regions of southern Europe. 

Consequently, all plants currently occupying the previously glaciated region have 

dispersed to and established populations in this area during the post-glacial Holocene 

period (11.500 years ago till present). For well-dispersed plant species, range extent 

and range edge may closely track the geographic extent of suitable habitat where 

abiotic or biotic controls allow for population growth rates that are stable or positive 

over the long-term; these species are considered to be in “equilibrium” with the 

environment. 

 In contrast, the modern distribution of other plant species may not correspond 

to the current extent of suitable habitat due to delayed population recovery and range 

expansion following episodes of historical disturbance and climatic variation. For these 

taxa, current range sizes and the location of range edges may be an artifact of 

historical processes. Species exhibiting such “time lags” (i.e. the persistence of 

historical effects) in range expansion or contraction are considered to be in 

“disequilibrium” with the environment. In plants, time lags are hypothesized to result in 

part from life history characteristics, particularly limited seed dispersal ability. 

Determining the extent to which the ranges of plant species may not be in 

equilibrium with modern climate has critical implications for the conservation and 

management of species diversity in the face of the large changes in climate predicted 

for the 21st century. Many forest herbs appear to have limited seed dispersal ability 

and consequently may be restricted in their potential to respond to changes in regional 

and global climate. 

Therefore this thesis aimed at investigating the extent to which forest plant 

species in Western Europe are in disequilibrium with current climatic conditions by 

limited colonization capacities, at discussing the consequences for forest plants in the 

context of current climate warming and further at discussing the feasibility and 

desirability of “assisted migration” as a conservation measure for dispersal-limited 

plant species. 

Different methods and independent data sets were used to investigate these 

goals. Observational studies  – correlating vegetation rélevés and plant distribution 
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data and climatic / geographic data for a large numbers of plants – were used to 

identify patterns in current geographic ranges of forest plant species and to link these 

patterns to autecological characteristics that relate to colonization capacities. 

Experimental studies , in casu transplantation experiments where seeds and adults 

were translocated beyond their natural geographic range limits, were conducted to 

obtain direct evidence for a possible regional (10’s to few 100’s of kilometres) dispersal 

limitation in a limited number of selected forest plant species. Furthermore, human 

interference in the natural geographic ranges of species, i.e. through horticultural 

trade, was explored for a very large number of species. 

Analyses of vegetation relevés along a climate gradient from southern France 

up to The Netherlands showed a clear turnover in species composition of forest plant 

species. Under the expected climate warming and the assumption of unlimited 

dispersal, several forest plant species could be expected to move up several hundreds 

of kilometers northward and to thereby change present-day community structures. 

Based on the species attribute results, we could expect species with higher Ellenberg-

T values, scleromorphic species, hemicryptophytes and stress-tolerant species to 

become relatively more abundant in the northern regions of the study area. However, 

the assumption of unlimited dispersal is highly problematic, in particular to forest plant 

species adapted to the stable environmental conditions of forests that are 

characterized by poor dispersal and colonizing ability.  

Variation in geographic range characteristics appeared to be associated with 

life-history traits for Western European forest plant species, with different association 

patterns apparent for woody and herbaceous taxa. For herbaceous species, seed 

dispersal mode, seed production and seed bank longevity exhibited significant 

associations with geographic range characteristics, including area of occupancy.  

Woody plant species exhibited fewer significant associations, although maximum 

height was positively associated with range centroid latitude within the study area.  

Furthermore, the ranges of species with limited dispersal ability were more clustered 

than the ranges of species with morphological adaptations for long-distance seed 

dispersal. This finding implies that the ranges of some forest plant species may be 

limited by colonization capacity rather than climate or other environmental factors.  

A cross-range edge transplantation experiment indicated substantial non-

equilibrium with climate for three of the four species investigated.  Performance at the 

experimental site in Belgium seemed to be partially, and negatively, associated with 

distance from species current northern range edges. We see this as an indication of 

climate operating as an ultimate limit on the potential distribution of species, but not in 

clear association with the actual position of current range boundaries.  
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The same conclusions could be drawn from the long-term experiment 

conducted with the perennial forest herb Hyacinthoides non-scripta: 11 out of 27 

transplanted populations were expanding with a lot of seedlings and young plants after 

45 growing seasons, indicating a clear regional dispersal.  

This findings may be of crucial importance in predicting the effects of 

anthropogenically-driven climate change on biodiversity in the future. If species have 

been limited in their ability to track post-glacial Holocene climate during the past 

10.000 years, it is unlikely that their geographic distributions will respond rapidly to 

projected climate shifts in the near future. This raises important questions on whether 

or not conservationists should consider “assisted migration” for slowly-migrating plant 

species.  While conservation biologists actively debate whether or not we should so, 

our findings that in 73% of native species (resp. 65% of forest plants species) 

commercially sold in plant nurseries throughout the whole of Europe, commercial 

northern range limits exceeded natural northern range limits, with a mean difference of 

~1000 km (resp. 880 km), clearly illustrates that we have already assisted the 

migration of a large number of species involuntary. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In recent years, a mass of literature, both scientific and popularizing literature, has been published on the 

subject of climate change, and the possible impact on biodiversity. 
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Introduction 

This thesis aims at disentangling the interacting effects of contemporary 

environmental factors and historical processes on plant species distributions, forest 

plants in particular, at local to regional scales in Western Europe.  

 

Understanding the relative importance of contemporary environmental factors 

and historical processes in determining species geographic ranges is crucial for 

predicting the impacts of future climate change on biodiversity (Pearson 2006). If 

species’ distributions are in a close dynamic equilibrium with the contemporary 

environment, and have rapidly tracked changes in the location and extent of suitable 

habitat in the past, they may be expected to make relatively rapid adjustments in their 

geographic ranges as climate changes in the future (Webb 1986; Webb et al. 2004; 

Pearson 2006).  In contrast, if species’ distributions are not in close equilibrium with 

the contemporary environment, they may not be expected to respond rapidly to future 

changes in the climate (Pearson 2006).  In the latter case, such “disequilibrium” in 

species’ geographic ranges could result from time lags in species responses to past 

climate change, such as the dramatic shifts of the Pleistocene-Holocene transition 

and subsequent Holocene-era climate dynamics (Davis 1986).  Indeed, given 

projections for anthropogenically-driven climate change to cause global temperatures 

to rise between 1.8 and 4.0°C by the end of the 21s t century (IPCC 2007; see Box 1-

1), most species face the challenge of making substantial adjustments in their 

geographic ranges and what has formerly been principally an academic debate 

among paleoecologists (Davis 1986; Webb 1986) will take on increasing significance 

for plant ecology and conservation planning.  
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BOX 1-1: CLIMATE CHANGE : IPCC SCENARIO’S 

The Intergovernmental Panel on Climate 
Change (IPCC) is the leading body for the 
assessment of climate change, established by 
the World Meteorological Organization and the 
United Nations Environment Programme to 
provide the world with a clear, balanced view of 
the present state of understanding of climate 
change. The IPCC is neutral with respect to 
politics.  

Following the latest IPCC publications, a 
warming of about 0.2°C per decade is projected 
for the next two decades. Even if the 
concentrations of all greenhouse gases and 
aerosols had been kept constant at year 2000 
levels, a further warming of about 0.1°C per 
decade would be expected (IPCC 2007).  

Nearly all European regions are anticipated to 
be affected by some future impacts of climate 
change, and these will pose challenges to 
many economic sectors. Climate change is 
expected to magnify regional differences in 
Europe’s natural resources and assets. 
Negative impacts will include increased risk of 
inland flash floods, and more frequent coastal 
flooding and increased erosion (due to 
storminess and sea-level rise). The great 
majority of organisms and ecosystems will have 
difficulty adapting to climate change.  

Mountainous areas will face glacier retreat, 
reduced snow cover and winter tourism, and 
extensive species losses (in some areas up to 
60% under high emission scenarios by 2080). 

In Southern Europe, climate change is 
projected to worsen conditions (high 
temperatures and drought) in a region already 
vulnerable to climate variability, and to reduce 
water availability, hydropower potential, 
summer tourism and, in general, crop 
productivity.  

In Central and Eastern Europe, summer 
precipitation is projected to decrease, causing 
higher water stress. Health risks due to 
heatwaves are projected to increase. Forest 
productivity is expected to decline and the 
frequency of peatland fires to increase.  

In Northern Europe, climate change is initially 
projected to bring mixed effects, including some 
benefits such as reduced demand for heating, 
increased crop yields and increased forest 
growth. However, as climate change continues, 
its negative impacts (including more frequent 
winter floods, endangered ecosystems and 
increasing ground instability) are likely to 
outweigh its benefits. 

 

For any particular species, extinction risk due to future climate change will be 

elevated if suitable habitat conditions disappear entirely (Williams et al. 2007), or, 

more likely, if suitable conditions shift in the landscape faster than the species can 

migrate to track these changes (Parmesan 2006; Foden et al. 2007; see Box 1-2/3).  

To make reliable predictions on species responses to these projected shifts in 

suitable climate, it is of crucial importance to evaluate the extent to which species 

ranges have been able to track past climate change, such as post-glacial Holocene 

climate changes, and to test the extent to which species’ contemporary range edges 

represent climatically-determined boundaries, as opposed to chance outcomes of 

limited dispersal ability and slow responses to past change.  

While it is widely recognized among paleoecologists and biogeographers that 

current environmental conditions, especially climate (Webb 1986; Hawkins et al. 

2003; Webb et al. 2004; Chapter 2 of this study), play a crucial role in determining 
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most species’ geographic ranges, several recent studies do suggest that some 

species may fill only a limited portion of their potential range (e.g. Hermy 1985; 

Svenning & Skov 2004, 2005), i.e. the range that would be achieved should all 

dispersal limitation be removed and all environmentally suitable habitat be colonized 

(Gaston 2003).   

 

BOX 1-2: THEORETICAL EFFECTS OF CLIMATE CHANGE ON VEGETATION  

It is assumed that plant species may react to 
climate changes in three main ways (Bazzaz 
1996): (i) persistence in the changed climate, 
(ii) migration to a more suitable climate or (iii) 
extinction. 

 

(i) Persistence: there are different 
possibilities for plant species to persist 
(Theurillat 2001): evolutionary adaptation of 
populations, phenotypic plasticity (as a result of 
the individual variation in life-history traits) or 
ecological buffering (when climate does not 
appear to be the limiting factor). It is very 
unlikely that many forest plant species will react 
through genetic adaptation because of the time 
scale of this process, unless for species with 
very short generation times and fast population 
growth rates (Rodriguez-Trelles & Rodriguez 
1998; Skelly et al. 2007). Ecological buffering is 
more important for species in extreme habitats, 
such as salty environments. Phenotypic 
plasticity will therefore probably be the most 
important way of persistence in forest plant 
species. 

(ii) Migration: it has been recently shown 
for mobile species such as butterflies that 
range edges can track the moving climate 
borders, leading to a change in the current 
ecological equilibria (Parmesan et al. 1999; 
Warren 2001; Dukes 2007). Therefore one can 
ask if we could expect the same response in 
less mobile species such as most plants. 
Honnay et al. (2002) predict that the maximum 
migration rates of most forest plant species will 
be insufficient to track the shifting isotherms. If 
that is true, migration is not an option for most 
forest plant species, which leaves only the 
alternatives of persistence and extinction. 

 

(iii) Extinction: if the ecological buffering or 
phenotypic plasticity will be insufficient and 
migration is hampered (through habitat 
fragmentation or through slow colonization 
rates), species will go extinct in the long run.  
Also changed biotic interactions (e.g. through 
the invasion of a southern competitive species) 
may lead to species extinctions. 

 

In particular, tree species in Europe have been the subject of considerable 

recent research in this regard (Willis & van Andel 2004, Svenning & Skov 2005, 

2007). Most strikingly, studies by Svenning & Skov (2005, 2007) have shown strong 

evidence for dispersal limitation of the geographic distributions of many European 

tree species and suggest community-level impacts on species richness due to 

delayed post-glacial colonization. If these tree species fill only a limited portion of their 

potential ranges in Europe, this raises significant questions about the relative range 

equilibrium or disequilibrium of forest herbs occupying the understory of forests in 

Western Europe. In general, most forest herbs produce orders of magnitude fewer 
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seeds per year than trees (Hermy et al. 1999), suggesting that they exert less 

propagule pressure on unoccupied sites within or beyond current range edges (Mabry 

2004, Lockwood et al. 2005).  

 

BOX 1-3:  UNDERLYING MECHANISMS OF RANGE SHIFTS  

As the climate warms, species tend to shift to 
higher latitudes and altitudes. Simply because 
species tend to shift in the same general 
direction, it should not be imagined that existing 
biological communities move in synchrony. 
Conversely, because species shift at different 
rates in response to climate change, 
communities will disassociate into their 
component species (Fig. 1; see also Dukes 
2007). This phenomenon has already been 
documented for periods with other climate 
conditions in the past. Species responded 
individually, forming stable but by present-day 
standards unusual assemblages of plants and 
animals (Van Devender and Spaulding 1979). 

 
 

Fig. 1.1.  Initial distribution (at time t) of two 
species A and B, whose ranges largely 
overlap. In response to climate change (at 
time t+1), latitudinal shifting occurs and the 
ranges disassociate. 

The range shifts are the result of many 
processes of extinction and colonization that 
occur in response to climate-caused changes in 
habitat suitability, determined by both direct 
climate effects on physiology, including 
temperature and precipitation, and indirect 
effects secondarily caused by other species. At 
southern limits, excessive heat and associated 
decreases in soil moisture may decrease 
survival and reproduction. At northern limits, 
minimum temperature isotherms, below which 
some key physiological processes do not 
occur, may shift northward. Also interspecific 
interactions will have a major role in 
determining new species assemblages and 
distributions. Temperature can influence 
predation rates, parasitism and competitive 
interactions, but also facilitation and symbiosys 
(Thuiller et al. 2008). 

The ability of species to adapt to changing 
conditions will depend to a large extent upon 
their ability to track shifting climatic optima by 
colonization. A plant’s intrinsic ability to 
colonize will depend upon its ecological 
characteristics, including fecundity, viability of 
seeds and growth characteristics of seedlings 
and the nature of dispersal mechanisms. 
However, some of these characteristics, 
including seed mass and germinability, might 
even change within species due to changes in 
climatic conditions (see e.g. Graae et al., 
submitted) which makes it very difficult to make 
accurate predictions about future distributions 
and dynamics. Nevertheless, if a species’ 
intrinsic mobility is low, or if barriers to dispersal 
are present, extinction may result if its entire 
present habitat becomes unsuitable. 

 

Furthermore, unlike most Western European trees and shrubs that produce 

seeds or fruits exhibiting adaptations for long-distance dispersal by wind or 

vertebrates, many forest herbs have no special adaptations for long-distance seed 
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dispersal (Trakhtenbrot et al. 2005). This raises the question of whether Western 

European forest herb species, which were likely restricted to southern European and 

Mediterranean region glacial refugia with other temperate plant species during the 

Pleistocene (Petit et al. 2003), have been able to effectively track the migrating tree 

front during the Holocene reforestation of Western Europe? Or might these forest 

herbs be even more dispersal limited than the trees (see Box 1-4)? 

 

BOX 1-4: FOREST PLANTS IN WESTERN EUROPE 

Forests cover about 160 million ha in the EU 
region (approx. 35% of surface) and are 
therefore a characteristic element of the natural 
landscape.  

Together with Ireland (10%), the Netherlands 
(11%) and the UK (12%), Flanders (11%) 
belongs to the least forested regions of Europe 
(MCPFE 2003). The amount of forest area per 
capita is, just like in the Netherlands, extremely 
low (about 0.02 ha per person), compared to 
the European average of 1.42 ha forest per 
capita (MCPFE 2003). The development of 
forest area in Europe is positive, increasing 
annually by about 0.1%. 

Temperate deciduous forests are the 
predominant climax vegetation type in Western 
Europe (as well as in eastern North America), 
and within this formation forest herbs comprise 
a majority of total plant species diversity (often 
> 90 %, see Gilliam 2007).  

Hermy et al. (1999) identified 383 plant species 
as characteristic of deciduous forest 
communities (within Western Europe) and 
related scrub communities, classes: Salicetea 
purpureae (12 spp.), Alnetae glutinosae (18 
spp.), species from Querco-Fagetea-
communities (306 spp.), and 47 species with no 
clear phytosociological affinity, but clearly forest 
species. An updated version of this list was 
used as a starting-point for this study. 

Many forest plant species are specialist species 
adapted to the stable environmental conditions 
of forests (Hermy et al. 1999). They usually 
have a low number of heavy seeds and long 
generation times, and are characterised by 
extremely low migration rates (e.g. Brunet & 
von Oheimb 1998, Bossuyt et al. 1999, Hermy 
et al. 1999; Verheyen et al. 2003). 

 

Some recent modeling and observational studies do indeed suggest that a 

large proportion European forest herb species may have geographic ranges that are 

limited by dispersal to some extent at a continental scale (Honnay et al. 2002, Skov & 

Svenning 2004, Van der Veken et al. 2007a). For example, climatic envelope models 

for 26 forest herbs suggest limited filling of the full extent of their potential range in 

Europe and predict serious threats from future climate change for approximately one 

third of the species investigated (Skov & Svenning 2004). Similarly, there is 

considerable experimental evidence demonstrating dispersal limitation of forest herb 

distributions at local to regional scales (Bossuyt et al. 1999, Verheyen & Hermy 2001, 

Graae et al. 2004, Ehrlén et al. 2006). Consistent with the findings of these local- to 

continental-scale studies, a recent meta-analysis of seed sowing experiments (within 
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the natural ranges of the species investigated) by Clark et al. (2007) found that most 

species show signs of dispersal limitation (see Box 1-5).  

 

BOX 1-5: DISPERSAL LIMITATION : CONCEPT AND DEFINITIONS 

Seed-limited populations have fewer individuals 
than possible because seeds fail to arrive at 
saturating densities at all potential sites 
(Turnbull et al. 2000; Clark et al. 2007). Seed 
limitation can be partitioned in two processes 
that restrict the ability of seeds to reach 
recruitment sites: (1) “source limitation”, that is, 
not enough seeds are produced to saturate 
potential recruitment sites even if the seeds 
could reach all sites and (2) “dispersal 
limitation”, that is, not enough seeds reach all 
recruitment sites even though enough are 
produced to saturate sites (Clark 1998, Clark et 
al. 2007). Establishment limitation (also called 
microsite limitation) occurs when plant 
population size is constrained by the number 
and quality of available sites for establishment, 
not by the number of seeds (Clark 1998, Clark 
et al. 2007)  

The most direct means of testing the relative 
importance of seed and establishment limitation 
is to conduct seed addition experiments. Seeds 
are added to the plots and the numbers of 
seedlings that emerge are compared to those 

in control plots to which no seeds have been 
added. 

If no increase in seedling density is observed 
after seed addition, one can conclude that 
recruitment opportunities for that species are 
not seed limited. Instead, the number of 
microsites available or the suitability of those 
sites for seedlings limits recruitment, and 
establishment limitation is more important for 
that species. If, on the other hand, an increase 
in seedling density is observed after seed 
addition, one can conclude that limitations on 
species presence or abundance are at least 
partially attributable to seed availability.  

When these experiments are conducted at sites 
where the studied species do not naturally 
occur (e.g. outside the natural range of the 
species), recruitment and establishment of one 
or more individuals is regarded as an indication 
for dispersal limitation for that particular species 
at that particular location. However, since 
individuals can go extinct after a longer time 
period, one should be carefull interpreting the 
results of short-time experiments. 

 

Moreover, this meta-analysis suggested that seed limitation was greater for 

large-seeded species and for species with relatively short-lived seed banks (Clark et 

al. 2007), traits that are characteristic of many forest herbs (Hermy et al. 1999, see 

also Hermy & Verheyen 2007).  

Surprisingly, despite considerable evidence for dispersal limitation of species 

distributions within the outer limits of their geographic ranges, relatively few studies 

have directly and experimentally tested the possibility of dispersal limitation of 

species’ geographic ranges through seed sowing or transplantation beyond present 

range boundaries (see Table 2.1 in Gaston 2003 for a summary of studies testing 

range limits; also Chapters 4 and 5 of this study). Importantly, of the limited number of 

studies that have tested species extra-range establishment ability and performance, 

many have investigated only a single species and have often worked on a limited 
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spatial scale. For example, Levin & Clay (1984) transplanted Phlox drummondii along 

a 10 km transect crossing the species’ range edge in Texas, while Holland (1980) 

moved Erythronium americanum 20-50 km across its northern range edge in Nova 

Scotia. These and other studies summarized in Gaston (2003), are by no means 

unanimous in their findings, with evidence for both successful extra-range 

establishment as well as failure, suggesting considerable variation among species in 

the nature and determinants of current range edges (e.g., present climate vs. past 

dispersal limitation).  Nevertheless, in the particular case of European forest plants, 

accidental introduction and naturalization of many southern European species beyond 

their range edges in Northern and Western Europe, e.g. through the horticultural 

sector (Dehnen-Schmutz et al. 2007; Chapter 6 of this study), provides strong 

circumstantial evidence for dispersal constraints on the geographic ranges of some 

European plant species.  

SPECIFIC CONTEXT AND RESEARCH QUESTIONS OF THE CURRENT STUDY 

A schematic overview of this thesis is given in Fig. 1-2, where all chapters are 

ordered along a unidirectional axis, which can be interpreted in term of decreasing 

spatio-temporal scale and / or increasing scientific control. This is also reflected in the 

methodology: the first two chapters are mainly observational studies, while the last 

two are experimental. Chapter 4, in between, holds the middle between an 

observational and an experimental study, as gardens, the subject of this chapter, can 

be considered as semi-controlled experimental sites. 

 

Climate is traditionally considered as the main driver in limiting the geographic 

distributions of species (Pearson & Dawson 2003; Hawkins et al. 2003) and the limits 

to the distributions of species are often found to be coincident with particular 

combinations of climatic conditions (Gaston 2003, p. 27). In this Chapter 2 species 

turnover (here defined as changes in vegetation composition) is analyzed along a 

south-to-north gradient: 677 published vegetation relevés, recorded in Querco-

Fagetea forests in France, Belgium and The Netherlands on the one hand, and 

temperature and precipitation data of 150 meteorological stations distributed 

throughout the study area on the other hand, were correlated and interpreted in term 

of possible climatic changes in the 21st century. 
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However, since all current distribution patterns of Western European forest 

plant species resulted from post-glacial colonization, it is hypothesized that so-called 

ancient forest species (with limited seed dispersal ability) will exhibit a greater degree 

of disequilibrium in their modern range than other (well dispersing) taxa. 

Consequently, those species may also be restricted in their potential to respond to 

changes in regional and global climate. Limited dispersal ability, caused by an 

assemblage of plant history traits, is hypothesized to redraw the potential range 

formed by a species’ climate envelope. Therefore an observational study, based on 

regional atlas data of a large part of the forest species in the study region, was 

performed in Chapter 3. We investigated whether six plant life-history traits that have 

been related to colonization ability at local scales are also related to geographical 

range characteristics of 273 forest plant species. The study area consisted of France, 

Luxemburg, Belgium, The Netherlands and Germany. Spatial arrangement of 

occupied grid cells was investigated using Ripley’s K. Cross-species correlations and 

phylogenetically independent contrasts were used to investigate the relationships 

between plant life-history traits and three range characteristics: area of occupancy, 

latitudinal extent and centroid latitude. 

 

Plants growing beyond their current natural range limits could suggest further 

evidence for a large-scale dispersal limitation. Therefore, two experiments were 

conducted to test the performance of forest plant species outside their natural ranges 

in a semi-natural environment. In order to experimentally test for large-scale dispersal 

limitation of plant species’ geographic ranges, we examined survival and performance 

of four European forest herb species after they were transplanted tens to hundreds of 

kilometers north of their current natural range edges in continental Western Europe in 

Chapter 4.  At two forested field sites in Belgium, seeds and adults of the focal 

species were introduced into apparently suitable natural habitat in a randomized block 

design.  A vegetation cover treatment was included to assess the effect of biotic 

factors on establishment success and subsequent growth. Both survival and 

performance, measured as a synthetic index of vegetative and generative traits, were 

monitored for three years. 

 

In Chapter 5, we report the results of a cross-range-edge transplant 

experiment established in 1960 with the perennial forest herb Hyacinthoides non-
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scripta. We evaluated determinants of survival / extinction, performance and 

migration distances and patterns of 27 transplanted populations after a period of 45 

growing seasons. 

 

Human interactions on these natural geographic ranges investigated above, 

were the subject of Chapter 6. While the northern range limits of most forest plant 

species may be limited by climate, other environmental variables or autecological 

factors such as limited dispersal ability, humans may translocate organisms far above 

their natural range limits, e.g. through the horticultural industry. To investigate the 

potential for commercial plant nurseries to provide a head start for northward range 

shifts of European plants in the face of ongoing climate change, we compared the 

natural ranges of 357 native species with their commercial ranges based on 246 plant 

nurseries throughout Europe. 

 

The final Chapter 7 draws some general conclusions from our results, 

discusses the impact of these results on biodiversity conservation and management 

and makes suggestions for future research. 

 

Fig. 1-2.  Schematic overview of the thesis in relation to two major axes. 



 

 

 

 

 

 

 

 

 

 

 

  

 
Some typical forest plant species in the study area. From upper left to lower right: Polygonatum multiflorum, 
Stellaria holostea, Maianthemum bifolium and Paris quadrifolia. Photos: Klaar Meulebrouck 
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Climate Gradients Explain Changes in Plant 

Community Composition of the Forest 

Understorey 

ABSTRACT  

Over the past 100 years, the global average temperature has increased by approximately 

0.6°C and is expected to increase by 1.8 to 4.0°C i n the 21st century. This climate warming is 

expected to alter distribution ranges and boundaries of many plant and animal species, 

including forest plant species. We used 677 existing vegetation relevés, recorded in Querco-

Fagetea forests in France, Belgium and The Netherlands on the one hand, and temperature 

and precipitation data of 150 meteorological stations distributed throughout the study area on 

the other hand, for a correlational analysis. The current plant species distributions in relation to 

present-day climate are used to make predictions about possible climate-induced range-

boundary changes in the future under the assumption of unlimited dispersal. Analysis of 

climatic gradients showed that the expected increase of 3°C in the northern part of the study 

area will result there in a climate very similar to the climate nowadays in the center of the 

study area. If their ability to migrate will turn out to be sufficient, several forest plant species 

can be expected to move up several hundreds of kilometers northward and to thereby change 

present-day community structures. Based on the species attribute results, we can expect 

species with higher Ellenberg-T values, scleromorphic species, hemicryptophytes and stress-

tolerant species to become relatively more abundant in the northern regions of the study area. 

Four phytoclimatic groups, i.e. groups of species with similar responses to climatic variables, 

were identified based on the species’ climate optima within the study area. The results of this 

analysis suggest that more than 50 % of the total number of species occurring in the study 

area might be at risk to extinction after climate warming. 

Adapted from: Van der Veken S., Bossuyt B. & Hermy M. 2004 - Belgian Journal of Botany 

137: 55-69 
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INTRODUCTION 

 Over the past 100 years, the global average temperature on earth has 

increased by approximately 0.6°C and is expected to  increase by 1.8 to 4.0°C in the 

21st century (IPCC 2007). A temperature rise is predicted for whole Europe with a rate 

ranging from 0.1 to 0.4°C per decade (IPCC 2007). T he warming will occur faster in 

north and north-east Europe than in the coastal areas. France, Belgium and The 

Netherlands probably will have an intermediate warming rate. Winters will become 

more humid in the whole of Europe at a rate of 1 to 4 % per decade, while in the 

summer northern Europe will become wetter and southern Europe drier. Extreme 

events like excessive heat and precipitation or summer drought will become more 

likely (McCarthy et al. 2001).  

Throughout their evolutionary history, species have been able to respond to 

climatic changes. However, the rate of climate change nowadays has never been 

equalled before, which raises large concerns (Parmesan et al. 1999; Warren et al. 

2001; Root et al. 2003). It is now one of the major challenges for ecologists to predict 

how this warming climate will alter species’ ranges and boundaries in the coming 

decades.  

Plant species ranges are determined by a complex and interacting set of 

variables (Woodward 1987). Variables thought to be predominant are climatic 

conditions and soil conditions. In its optimum (i.e. where all stand conditions are 

optimised) a species will have the highest fitness, and will be less vulnerable to 

interspecific competition and pests or diseases. When one of the determining 

variables declines below the species-specific minimum, the boundary of the so-called 

species envelope – and so geographically the species range – is reached. In this 

study we presume that climatic conditions principally determine the large-scale 

patterns in present-day and future species’ distributions.  

In the past, migration appeared to be the major way of species adaptation to a 

changing climate (Davis & Shaw 2001). The capacity of plant individuals to migrate to 

sites of suitable environmental quality will strongly influence future distributions of 

plant diversity. In this context, it is expected that the migration rate of several plant 

species is too limited to follow the current rate of climate change. Forest understorey 

species are especially likely to be a vulnerable group. Many forest plant species are 

specialist species adapted to the stable environmental conditions of forests (Hermy et 
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al. 1999). They usually have a low number of heavy seeds and long generation times, 

and are characterised by extremely low migration rates (e.g. Brunet & von Oheimb 

1998, Bossuyt et al. 1999, Hermy et al. 1999; Verheyen et al. 2003). These life traits 

may prevent them from tracking moving climate boundaries. In addition, the severe 

fragmentation that characterizes the Western European forests will hamper forest 

species colonization (Jacquemyn et al. 2001; Honnay et al. 2002). Nevertheless it is 

expected that net effects of colonization and extinction rates at the northern and 

southern boundaries of species ranges will result in northward range shifts for many 

species (e.g. Saetersdal et al. 1998; Parmesan et al. 1999).  

The aim of this chapter is to assess species turnover due to climate variability 

at the regional scale of France, Belgium and The Netherlands and to predict possible 

changes in plant species community composition and ecological attributes of the 

herbaceous layer of forests as a result of climate change in the coming decades.  

Therefore, the objectives of this study are (1) to find ecological correlates (i.e. species 

composition and ecological attributes) of climate gradients in the study area and (2) to 

identify groups of species with similar responses to climate. 

METHODS 

Study area 

The study area comprised three Western European countries: France, 

Belgium and The Netherlands. They are situated on a north – south axis between 

latitude 42°N and 53.5°N and longitude 5°W and 9°E,  although lightly skewed to a 

northeast – southwest direction (Fig. 2-1). Most of study area belongs to the Cf 

climate region (Köppen 1936), i.e. a mild, humid climate without a dry season. The 

only exception is the alpine region in south-east France, which has a Df climate 

according to Köppen: a continental climate with wet winters, and the Mediterranean 

region which has a mild humid climate with a dry summer (Cs climate).  

Only vegetation relevés recorded in forests of the Querco-Fagetea class were 

included in this study, because they are generally species-rich and this leads to a 

certain level of standardization in soil conditions. This forest type is found on nutrient 

rich, well-structured soils and can be classified as summergreen, species-rich 

deciduous forests. The main distribution of this type lies in the temperate region of 
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West- and Central Europe, where they are the climax communities of vegetation 

succession. The Querco-Fagetea class only contains one order, the Fagetalia 

sylvatica with two alliances, the Alno-Padion and the Carpinion betuli (Stortelder et al. 

1999). 

Plant species data  

Nomenclature follows Lambinon et al. (1998). A total of 677 existing 

vegetation relevés (Fig. 2-1) were selected for the analysis. They were recorded 

during the period 1960 – 1985, before the beginning of the severe rise of the mean 

global temperature (IPCC 2001). For France three literature sources were used. 

Rameau (1985) yields 58 relevés, all recorded in the Carpinion betuli and well spread 

over France. 
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Figure 2-1  Map of the study area, comprising (from south to north) France, Belgium and The Netherlands. 

The distribution of the 150 meteorological stations is shown as asterisks, the locations of the 677 vegetation 

sample sites as dots. 
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The second source (Lericq 1965) contains 43 relevés of three associations: 23 

of Stellario-Carpinetum, 7 of the Pruno-Fraxinetum and 13 of the Violo odoratae-

Ulmetum. Comps et al. (1980) give 54 relevés all recorded in the Fagetalia and not 

further classified. The vegetation data for Belgium are taken from Hermy (1985) and 

contain 365 relevés divided over five associations: 79 from the Carici remotae-

Fraxinetum, 71 from the Pruno-Fraxinetum, 35 from the Macrophorbio-Alnetum, 31 

from the Fraxino-Ulmetum and 72 of the Stellario-Carpinetum. The remaining 77 

relevés can be classified as basal communities. The vegetation data of the 

Netherlands (n = 194) were provided by the research institute ALTERRA (all Querco-

Fagetea but not futher subdivided into associations). Only herbaceous higher plant 

species were taken into consideration. Bryophytes were removed because they are 

only recorded in a small subset of relevés. Woody plants were removed because in 

some cases trees and shrubs may be planted.  Species occurring in less than 3 

samples with a cover of less than 3 % were also omitted. This resulted in a matrix of 

236 species and 677 samples. 

Climate data 

Climate data of 150 meteorological stations, equally distributed over the study 

area (80 in France, 35 in Belgium and 35 in the Netherlands), were collected from 

accessible databases on the internet (www.weatherbase.com) (Fig. 2-1). Only 

variables related to temperature and precipitation were used in the analysis, as these 

are commonly accepted as predominant factors influencing plant species distributions 

at medium to broad spatial scales (Bakkenes et al. 2002). All climate data are based 

on average measurements, dealing with a time period from 1970 to 2000.  

Variation in precipitation is represented by the total annual precipitation, 

expressed in mm. With regard to temperature, mean, minimum and maximum month 

temperatures were available. From these data, several variables were derived, all 

expressed in °C.  The mean annual temperature is ca lculated as the average mean 

temperature over the 12 months (TEMP). Variation in temperature throughout the 

year is expressed by the standard deviation on the mean annual temperature 

(STDEV), as a measure for continentality.  Additionally, as survival and fitness of 

plant species often depends rather on extreme than on average climate values, some 

values representing maximum and minimum temperature throughout the year were 

calculated: mean temperature of the warmest month (MAX1), average maximum 
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month temperature (MAX2) and highest maximum temperature (MAX3). The same 

variables were calculated for minimum temperatures in an analogous way (resp. 

MIN1, MIN2 and MIN3). 

Values of all 150 climatic stations were interpolated for all climate variables 

into a grid (cell size: 0.046 decimal degrees) using the Inverse Distance Weighted 

interpolator (nearest neighbors: 12; power: 2) in ArcView’s Spatial Analyst (ESRI 

2001). Interpolated values were assigned to the 677 sample locations. These point 

values were then used for further analysis. 

Ecological attributes 

In order to relate the estimated climate responses to the ecological 

characteristics of the species, data on ecological attributes, supposed to have a direct 

link to climatic conditions, were obtained. Firstly the weighted mean Ellenberg 

indicator values (Ellenberg et al. 1991) for light (L), temperature (T), continentality (C) 

and humidity (F) were calculated for each plot. Secondly, information on Raunkiaer 

life forms, anatomy, dispersal characteristics, shoot phenology and life strategy 

(Grime et al. 1988) was collected (Table 2-1). For each of these attributes, the relative 

cover of each class was calculated in each relevé. 

Correlation analysis 

Spearman rank correlations (rs) between the eight climate variables and the 

coordinates were used to reveal latitudinal and longitudinal climatic gradients along 

the study area. 

 

Table 2-1  Number of species for which information was available and classes involved for the ecological 

attributes used in the analysis. 

Ecological attribute N Classes 
Life form 227 phanerophytes, chamaephytes, hemicryptophytes, cryptophytes 

and therophytes 
Anatomy 201 hydromorphic, helomorphic, hygromorphic, mesomorphic, 

scleromorphic and succulent species 
Shoot phenology 104 summergreen, wintergreen, springgreen and evergreen species 
Life strategy 123 C, S, R, CS, SR, CR and CSR species 

 

Detrended Correspondence Analysis (DCA) was applied to the 0 / 1 

vegetation matrix to find the major gradients of variation within the occurrence of the 
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species. After controlling for a possible effect of vegetation plot area, Spearman rank 

correlations between the first four DCA axes and the climatic variables were used to 

discover which variables are statistically significant correlates of the occurrence of 

forest plant species. The relative cover of the ecological attributes of the species (see 

Table 2-1) was then correlated with the climatic variables in order to reveal ecological 

variation along the climatic gradients. Spearman rank correlations were also used for 

this analysis. 

Delineation of phytoclimatic groups 

For each of the 236 species we calculated the average of all 9 climate values 

of all locations where the species is present, as a measure of the optimum (within the 

study area) for each of the 9 climatic variables for each species. A hierarchical 

clustering of the 236 species was then applied to the species – optima matrix in order 

to reveal patterns in individual species’ responses. In this way, we could identify four 

phytoclimatic groups (PCG) (Brisse et al. 1995). The distribution of the four PCGs 

over the study area was then visualized in a GIS environment by calculating the 

relative frequency of PCG species ((number of PCG species / total species number) * 

100) per sample location.  
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RESULTS 

Climatic variation 

The results from the Spearman rank correlation between coordinates and 

climatic variables are summarized in Table 2-2. Both longitudinal and latitudinal 

directions show a significant climatic gradient within the study area (Fig. 2-2). Higher 

latitudes have lower average temperatures, standard deviation on temperature, total 

precipitation, maximum temperatures (all three), average lowest temperature of the 

coldest month and of the year. Plots situated more to the eastern part of the study 

area have a higher standard deviation on temperature and lower average 

temperatures, total precipitation, minimum temperatures (all three), average 

maximum temperature of the warmest month and of the year.  

 

Figure 2-2  Gradients in mean annual temperature, standard deviation on temperature and total annual 

precipitation throughout the study area, based on the data of the 150 meteorological stations (each dot 

represents a station).  
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Table 2-2 Spearman rank correlations between geographical coordinates and climatic variables for 677 

locations distributed over France, Belgium and The Netherlands (Fig. 2-1). 

 TEMP STDEV PREC MAX1 MAX2 MAX3 MIN1 MIN2 MIN3 
lat. -.361** -.381** -.277** -.774** -.703** -.751** -.337** -.150** .021 

long. -.851** .505** -.281** -.093* -.393** .011 -.921** -.868** -.700** 

Significance (2-tailed): *: 0.01 < P ≤ 0.05; **: P ≤ 0.01. Variables shown: lat.  = latitude; long. = longitude; 

TEMP = mean temperature; STDEV = standard deviation on temperature; PREC = total precipitation over 

one year; MAX1 = mean temperature of the warmest month; MAX2 = average maximum month temperature; 

MAX3 = highest maximum temperature; MIN1 = mean temperature of the coldest month; MIN2 = average 

minimum month temperature; MIN3 = lowest minimum temperature 

Vegetation-climate relationships 

Detrended Correspondence Analysis (DCA) was applied to the vegetation 

matrix. No significant effect of vegetation plot area was found (rs, P>0.05). The 

Spearman rank correlations between the first four ordination axes (eigenvalues 0.75, 

0.60, 0.50 and 0.38, respectively) and the nine climatic variables are shown in Table 

2-3.  

 

Table 2-3  Spearman rank correlations between the first four DCA axes and the climatic variables (see Table 

2-2). 

 TEMP STDEV PREC MAX1 MAX2 MAX3 MIN1 MIN2 MIN3 

AXIS1 -.204** -.277** -.177** -.295** -.243** -.428** -.212** -.099** .014 

AXIS2 .093* .277** .155** .281** .203** .366** .095* .010 -.065 

AXIS3 -.072 -.149** -.084* -.134** -.073 -.242** -.038 -.003 .034 

AXIS4 -.165** -.132** -.073 -.251** -.236** -.258** -.138** -.082* -.026 

Significance (2-tailed): *: 0.01 < P ≤ 0.05; **: P ≤ 0.01 
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Table 2-4 Significant Spearman rank correlations between relative cover of ecological species groups and 

climatic variables (see Table 2-2). Correlation coefficients >0.30 are indicated in bold. 

 TEMP STDEV PREC MAX1 MAX2 MAX3 MIN1 MIN2 MIN3 

Life form          

Fanerophytes .332**  .080* .262** .303** .290** .335** .248** .156** 

Chamaephytes  -.076*  -.094* -.104** -.131**    

Hemicryptophytes .204**   .217** .269** .140** .183** .150** .100** 

Cryptophytes -.196**   -.223** -.247** -.157** -.165** -.145** -.102** 

Therophytes   -.141**  .095*    -.101** 

Ellenberg          

Light .099*  -.100**  .120**  .083*   

Temperature .317**  .155** .224** .271** .184** .277** .221** .204** 

Continentality -.162**  -.138** -.180** -.133** -.258** -.161** -.122**  

Humidity -.209** -.249** -.165** -.335** -.279** -.387** -.183** -.078*  

Anatomy          

Hygromorphic -.374**   -.318** -.403** -.244** -.375** -.274** -.098* 

Mesomorphic -.329**   .344** .421** .247** .322** .211**  

Helomorphic -.092* -.276** -.107** -.325** -.250** -.403** -.076*   

Skleromorphic .210** .191**  .272** .259** .333** .203** .104**  

Succulent   -.100** -.102** -.089* -.109**    

Phenology          

Summer-green .194**   .127** .205**  .216** .182** .137** 

Spring-green -.337**  -.086* -.312** -.391** -.252** -.352** -.277** -.161** 

Winter-green .242**   .138** .229** .084* .233** .191**  

Evergreen .370** .185** .090* .369** .365** .437** .338** .217**  

Life strategy          

C  -.086* -.122** -.082*  -.110**    

S .402**  .080* .314** .377** .296** .409** .303** .173** 

R -.121** -.203** -.139** -.286** -.251** -.308** -.139**   

CR -.173** -.273** -.195** -.305** -.229** -.385** -.151**   

SR -.268** .102**  -.201** -.304** -.096* -.276** -.258** -.219** 

SC .148** .083*  .091* .098* .144** .140** .085*  

CSR .222** -.106**  .100* .189**  .199** .173** .116** 

Significance (2-tailed): *: 0.01 < P ≤ 0.05; **: P ≤ 0.01 

All four axes show significant correlation with climate variables, indicating that 

climate is an important factor in determining community composition in the study 

area. The first axis is highly negatively correlated with temperature (both mean as 

maximum values), precipitation and standard deviation, while the second axis shows 

an opposite trend.  
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Table 2-4 summarizes the correlations between the different ecological 

characteristics of the selected species that were tested against the climatic variables. 

Concerning Raunkiaer life forms the strongest trends are found for the relative cover 

of phanerophytes which are positively correlated with temperature. The correlations 

for hemicryptophytes are analogous but weaker; those for cryptophytes are opposite. 

Ellenberg’s temperature value and all temperature related variables are positively 

correlated, while Ellenberg’s humidity is negatively correlated to most temperature 

variables. We found no significant correlation between Ellenberg’s continentality and 

the standard deviation on temperature. The abundance of hygromorphic and 

helomorphic species species is negatively correlated with mean and maximum 

temperatures, while plants with mesomorphic leaves are more abundant at lower 

mean temperatures but higher maximums. The opposite is found for scleromorphic 

species. Both evergreen, summergreen and wintergreen plant species are relatively 

more occurring in warmer climates, while springgreen species occur when 

temperature is cooler. Concerning plant strategies two trends appear from the results. 

Plant species with stress-tolerating life strategies – combined (SC and SCR, not SR) 

but most apparent in pure stress-tolerators (S) – are relatively more present in 

warmer conditions, with higher mean and extreme temperatures. Ruderals (R, SR 

and CR) on the other hand, become relatively more abundant under cooler 

conditions, with lower mean and maximum temperatures. 

Phytoclimatic groups 

The hierarchical clustering of the species based on the optima for the 9 

climate variables resulted in four clusters or phytoclimatic groups (Fig. 2-3). Group 

PCG1 contains 124 species (type species Anemone nemorosa), which are mainly 

occurring in the northern part of France, and over Belgium and The Netherlands. Few 

sample locations in the southern part of France have more than 30 percent of the 

occurring species belonging to this PCG1.  PCG 2 is a smaller group, containing 24 

species (type species Ornithogalum pyrenaicum) having their optimum in the central 

part of France. The frequency of PCG2 species diminishes both at northern situated 

(Belgium, The Netherlands) locations as at southern situated (Mediterranean) 

locations. This is in contrast with the frequency pattern of the species belonging to 

PCG3 (containing 64 species, type species Asarum europeum) for which the 

frequency is high in southern and central France, but low in Belgium. Moreover, these 
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species are almost totally absent in The Netherlands. The 24 species of the PCG4 

(type species Symphytum tuberosum), finally, are clearly more adapted to the climatic 

conditions in the southern part of France, and do not occur in the northern part of the 

study area.  

DISCUSSION 

Climate-vegetation relationships 

Within the study area, from north to south, calculated average temperatures 

ranged from 8.3 up to 13.9°C over a distance of app roximately 1200 km. For extreme 

temperatures (i.e. minimum and maximum temperatures) this range increased up to 

10°C. Standard deviation on temperature increased f rom 4.2 to 7.0°C in a 900 km 

west to east gradient. This means that the expected increase of 3°C will result 

climatic conditions will shift several hundreds of kilometers to the north by 2080.  

Our analysis showed that the variation in climatic variables is an important 

factor in explaining the occurrence patterns of 236 forest plant species and their 

ecological attributes throughout the study area. It can be expected that the range of 

some species will shift to the northeast, and that plant communities will become more 

similar to communities nowadays found several hundreds of kilometers to the south. 

However, it is impossible to make exact predictions concerning the global species 

composition of the community (Duckworth et al. 2000a,b). Forced by a warming 

climate, migration of species will occur in the same direction for all species but at 

different rates, resulting in disassociating communities (Peters 1990). It is therefore 

preferable to make extrapolations about functional changes in the forest understorey 

vegetation. Ecological attributes of the species showed indeed to vary significantly 

according to climate variation in the study area.  



 

 

  

  
Figure 2-3  Distribution of the four phytoclimatic groups (PCG) among the 677 sample locations. The gradual dot size represents relative frequency of PCG 

species (number of PCG species / total species number * 100) per sample location: (a) PCG 1, n = 124; (b) PCG 2, n = 24; (c) PCG 3, n = 64; PCG 4, n = 24.

(a) (a)  

(d) (c) (d) 

(b) 
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As expected, Ellenberg’s light and temperature values increase with higher 

mean and extreme temperatures, what was also showed by Mennema (1980) for The 

Netherlands. Ellenberg’s humidity value decreased in plots with a higher annual 

precipitation and temperature. This might be explained by the fact that transpiration 

rates can be increased by higher temperatures and can lead to drought stress despite 

the higher precipitation level. Moreover, Ellenberg’s humidity is not determined by 

precipitation but by soil moisture (Ellenberg 1974). Surprisingly, Ellenberg’s 

continentality is not correlated to the standard deviation on temperature. This may be 

explained by the low variation in the plot continentality values (with a narrow range 

from 2.5 to 4). The entire study area has a high oceanic character in comparison to 

regions in central and east Europe that are included in Ellenberg’s continentality 

ranking. In summary, we can expect species with higher Ellenberg-T and -L values to 

become relatively more and species with higher Ellenberg values for humidity to 

become relative less abundant in the northern regions of the study area. 

Hemicryptophytes, the most abundant life form in the temperate climate zone 

and also in the vegetation relevés (62 % of all included species), are favoured by 

higher temperatures, while cryptophytes show an opposite trend. In colder climatic 

conditions plants have more biomass underground and prevent their buds from 

excessive cold, explaining the relative increase of cryptophytes (especially 

geophytes) in colder regions. Concerning plant anatomy, scleromorphic species are 

the only group favoured by higher temperatures. They have a larger epidermis and 

cuticula reducing water loss and are therefore better adapted to higher temperatures 

than for instance helomorphic and hygromorphic species (Ellenberg 1974). The 

positive correlation of the abundance of species with S-, SC- and CSR-strategies with 

temperature suggests that increasing temperatures can be seen as a stress causing 

factor for plant species, resulting in a higher proportion of S-strategy species 

(Duckworth et al. 2000a; Malanson 1989). If we extrapolate these findings, we can 

predict that plant communities after a climate warming will have a higher contribution 

of hemicryptophytes, scleromorphic and stress tolerant species than nowadays.  

Response of forest plant species 

Species ranges change when temperature and rainfall patterns change, even 

when these changes are relatively small. Changes of less than 1°C have already 

caused substantial range changes during the past century for many taxa, especially 
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rather mobile organisms, such as butterflies (e.g. Parmesan et al. 1999; Root et al. 

2003). From a Belgian point of view, species belonging to groups PCG3 (type species 

Asarum europeum) and PCG4 (type species Symphytum tuberosum) can be 

expected to survive a severe climate warming, and to become even more abundant in 

the coming decades. These species have their optima in climatic conditions similar to 

those predicted for the coming decades in Belgium. The situation is different for the 

species belonging to the phytoclimatic group PGC1 (type species Anemone 

nemorosa), containing 124 species, which is 52 % of the total number of species 

occurring in the study area. Since these species already have their main distribution 

in the northern part of the study area, several of these species might be expected to 

severely decline in abundance or even go extinct in the study area. Species of PGC2 

(type species Ornithogalum pyrenaicum) are in an intermediate position.  

During earlier climate changes in history, species responded to the increased 

or decreased temperature by migrating (Huntley et al. 1995, Saetersdal et al. 1998). 

However, to track the currently projected temperature change of 3°C in the 21 st 

century, migration rates of 300 to 500 km per century are needed (Hughes 2000; 

Davis & Shaw 2001), or 100 to 150 km for an increase of 1°C (Malcolm et al. 2002). 

These are far above migration rates observed in forest plant populations nowadays 

(e.g. Honnay et al. 2002; Bossuyt et al. 1999; Brunet & Von Oheimb 1998).  

Although it is known that the effective migration rates of forest plant species 

were higher in the early Holocene than the ones observed today, with an average of 

hundreds of meters / year (Cain et al. 1998, Higgins & Richardson 1999, Cain et al. 

2000, Davis & Shaw 2001, but see MacLechlan et al. 2005), even these past 

migration rates are below the required rates to track rapid climate changes. Moreover, 

the higher rates have been explained so far by the major influence of so-called 

chance events, like migrating big mammals or hurricanes (Cain et al. 1998). With the 

current fragmentation of forest patches and nature reserves in the study area, it is 

very unlikely that these events will occur with a sufficient frequency to let the 

colonization front match the moving climate zones. 
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CONCLUSIONS 

We can conclude that there are some clear relationships between the 

distribution of forest plant species and their ecological attributes on the one hand and 

the major climatic variables on the other hand. Nevertheless we have to make some 

remarks. Not all possible explaining variables of species’ distributions were included 

in this study. For instance, soil types were not included. Although it is believed soil 

conditions become more important at local scales (Bakkenes et al. 2002), it is still 

considered as a co-dominant factor next to climate concerning large-scaled species 

distributions (Woodward 1987). Further, the selected climate variables might not be 

the most suitable variables to decribe plant - climate interactions. E.g. an aridity index 

(numerical indicator for the dryness at a given location, typically integrating both 

temperature and precipitation data, and sometimes potential evapotranspiration) 

might be more directly linked to plant physiology and survival and lead to clearer 

results. Thirdly, the starting point that climate warming will simply lead to a northward 

shift of climate borders is overly simplistic. Figure 2-2 shows that there are some 

climatic variables that show an east-to-west gradient rather than south-to-north. 

Realistic climatic predictions should involve regional climate models, which were 

unfortunately not available for this study. Finally, there are sub-regions within the 

study area that are not sampled (e.g. Wallonia, the southern part of Belgium) or 

undersampled (parts of France).  

With these remarks in mind, we still can conclude migration of several forest 

plant species can be expected in the coming decades based on the current 

knowledge of future climate change. Based on the species attribute results, we can 

expect species with higher Ellenberg-T values, scleromorphic species, 

hemicryptophytes and stress-tolerant species to become relatively more abundant in 

the northern regions of the study area. 





 

 

 

 

 

 

 

 

 

 

 

 
 
It appears that the ranges of species with limited dispersal ability are more clustered than the ranges of 
species with morphological adaptations for long-distance seed dispersal. An example of the slow dispersing 
forst herb Anemone nemorosa in Kastanjebos (Herent, Flanders). Photo: Bas Van der Veken 
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Life History Traits Are Correlated with 

Geographic Distribution Patterns of Western 

European Forest Herb Species  

 

ABSTRACT  

We investigated whether six plant life-history traits that have been related to 

colonization ability at local scales are also related to geographical range characteristics of 273 

forest plant species. The study area was situated in Western Europe, five countries in 

particular: France, Luxemburg, Belgium, The Netherlands and Germany. Spatial arrangement 

of occupied grid cells was investigated using Ripley’s K. Cross-species correlations and 

phylogenetically independent contrasts were used to investigate the relationships between 

plant life-history traits and three other range characteristics: area of occupancy, latitudinal 

extent and centroid latitude. For herbaceous species, seed dispersal mode, seed production 

and seed bank longevity exhibited significant associations with geographic range 

characteristics, including area of occupancy.  Woody plant species exhibited fewer significant 

associations, although maximum height was positively associated with range centroid latitude 

within the study area.  Furthermore, the ranges of species with limited dispersal ability are 

more clustered than the ranges of species with morphological adaptations for long-distance 

seed dispersal. We conclude that life-history traits that are related to colonization ability at 

local scales are associated with variation in large-scale geographic range characteristics of 

Western European forest plant species. This finding implies that the ranges of some forest 

plant species may be limited by colonization capacity rather than climate or other 

environmental factors. 

Adapted from: Van der Veken S., Bellemare J., Verheyen K. & Hermy M. 2007 – Journal of 

Biogeography, 34, 1723-1735 
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INTRODUCTION 

During the Pleistocene epoch, the North Temperate Zone experienced 

dramatic fluctuations in climate associated with repeated glacial advances and the 

contraction and fragmentation of temperate plant species’ ranges (Davis 1983; 

Bennett et al. 1991; Cain et al. 1998; Jackson et al. 2000; Petit et al. 2003). The 

extent to which range dynamics driven by these historical processes influence the 

contemporary geographic distribution of plant taxa has been a point of interest and 

contention among ecologists and biogeographers for many years (Braun 1951; Davis 

1986; Webb 1986; Comes & Kadereit 1998; Grytnes et al. 1999; Dynesius & Jansson 

2000; Kropf et al. 2002; Svenning & Skov 2005). While paleoecological evidence of 

correlations in the pollen record between changing climate and range expansions of 

temperate plant species’ during the post-glacial Holocene epoch (~ 11.500 to present, 

following Roberts 1998) appear to demonstrate close tracking of climate or 

“equilibrium” in the geographic ranges of many plant species (Webb 1986; Prentice et 

al. 1991; Williams et al. 2002; Shuman et al. 2004; Tinner & Lotter 2006), the 

potential for protracted “time lags” in range expansion (>102-103 yr) or long-term 

“disequilibrium” remains a possibility (Davis 1986). Disequilibrium in the geographic 

ranges of plant species is hypothesized to result from biological or life-history 

characteristics, particularly restricted seed dispersal or colonization ability, that may 

limit a species’ ability to fully occupy climatically and edaphically suitable habitat 

(Davis 1986; Pulliam 2000; Holt et al. 2005). Both theoretical and empirical evidence 

suggests that for some plant species current range extent may not correspond to the 

extent of suitable habitat due to limited dispersal ability and delayed range expansion 

following episodes of historical disturbance and climatic variation (Holland 1980; 

Davis 1986; Kropf et al. 2002; Johnstone & Chapin 2003; Skov & Svenning 2004; Holt 

et al. 2005; Svenning & Skov 2005). However, prior research examining correlations 

between the area of occupancy and plant life-history characteristics considered 

important in habitat tracking and colonization, including seed dispersal ability (Kelly 

1996; Kelly & Woodward 1996; Edwards & Westoby 1996; Eriksson & Jakobsson 

1998; Thompson et al. 1999; Soons & Ozinga 2005) and seed size (Aizen & 

Patterson 1990; Edwards & Westoby 1996; Eriksson & Jakobsson 1998; Morin & 

Chuine 2006) have typically provided ambiguous or inconclusive evidence. Indeed, 
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many traits, including dispersal mode, seem to be related to occupancy patterns in 

different ways from one study to the next (Murray et al. 2002). Nevertheless, 

considerable evidence indicates that many plant species are dispersal-limited at local 

to regional scales (Primack & Miao 1992; Ehrlen & Eriksson 2000; Jakobsson & 

Eriksson 2000; Turnbull et al. 2000; Ozinga et al. 2005), and studies investigating 

forest plant species colonization of post-agricultural forests in Europe and eastern 

North America confirm a strong correlation between life-history traits, particularly seed 

dispersal mode, and colonization ability at local scales (Peterken & Game 1984; 

Matlack 1994; Brunet & Von Oheimb 1998; Jacquemyn et al. 2001; Bellemare et al. 

2002; Verheyen et al. 2003). On the whole, these studies indicate that  plant species 

with seeds adapted to ant dispersal (myrmecochores), short-distance ballistic 

dispersal (ballistochores) and those with no morphological adaptations for seed 

dispersal (barochores) appear to be limited in their ability to disperse between habitat 

patches and to colonize post-agricultural forests; conversely, forest plant species with 

seeds dispersed by vertebrates (endozoochores or exozoochores) or wind 

(anemochores) often colonize new forest habitat rapidly (Matlack 1994; Brunet & Von 

Oheimb 1998; Jacquemyn et al. 2001).   

In this paper we examine relationships between six colonization-related life-

history traits, including seed and mature plant traits (cf. Weiher et al. 1999), and four 

geographic range characteristics, including area of occupancy and a measure of 

range patchiness based on Ripley’s K, to investigate the distribution patterns of 273 

angiosperm and gymnosperm forest plant species native to continental Western 

Europe. Since paleoecological evidence indicates that European temperate tree and 

shrub species were primarily restricted to the Iberian, Italian, Anatolian and Balkan 

peninsulas on the north edge of the Mediterranean during the last Pleistocene glacial 

maximum, it is believed that all temperate forest plant species currently occupying 

Western Europe have dispersed to and established populations in the region during 

the post-glacial Holocene epoch (Bennett et al. 1991; Petit et al. 2003). As such, our 

study area in continental Western Europe includes a substantial portion of the 

temperate forest habitat recolonized by Eurasian forest plant species during the 

Holocene and presents the opportunity to assess whether variation in colonization-

related plant traits may have influenced species abilities to fully occupy this region.  

For this study, we adopted a joint methodology for examining associations 

between plant traits and range characteristics using Ripley’s K, cross-species 
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correlations and phylogenetically independent contrasts (PICs). These partially 

complimentary methods, together with an extensive data base of species and traits, 

should overcome many of the potential obstacles that have limited previous studies of 

this nature (Murray et al. 2002; Gaston 2003). Cross-species analyses (TIPs) have 

traditionally been used in comparative studies to examine inter-specific correlations 

among biological and ecological traits. However,  because these analyses treat 

species as independent data points (situated at the “tips” of phylogenetic trees) they 

have been criticized in favor of techniques such as phylogenetically independent 

contrasts (PICs), which control for the non-independence of taxa within phylogenies 

(Felsenstein 1985; Harvey & Pagel 1991). While ecological “traits” such as range size 

may be highly labile and not strongly correlated with phylogeny (Diniz-Filho & Torres 

2002; Gaston 2003), biological traits, such as plant growth form or seed size, are 

typically correlated with phylogenetic history (Mazer 1990; Peat & Fitter 1994; Moles 

et al. 2005), implying that closely related plant species will share similar traits due to 

common ancestry rather than repeated independent evolution of those traits 

(Felsenstein 1985; Harvey & Pagel 1991). Consequently, analyses of correlations 

among traits in which species are treated as independent data may inflate sample 

size and increase the probability of Type I error (Harvey & Pagel 1991). Conversely, 

PICs have been critiqued by some authors as overly conservative or based on a 

simplistic model of evolutionary change (Westoby et al. 1995; Ricklefs & Starck 1996; 

Brown 1999). As such, numerous macro-ecological investigations have presented 

analyses incorporating both TIPs and PICs (e.g., Eriksson & Jakobsson 1998; 

Harcourt 2000; Diniz-Filho & Torres 2002; Hausdorf 2003; Hamilton et al. 2005).   

 

Using the three methods (Ripley’s K, TPIs and PICs), the following research 

questions were addressed:  

 

1. Is the spatial arrangement of species’ ranges related to seed dispersal 

mode? 

 

2. Can dispersal-related life-history traits that are related to colonization ability 

at local scales explain large-scale distribution patterns of forest plant species in terms 

of realized range size (expressed as the colonized and thus occupied area) and 

orientation (expressed as the latitudinal extent and centroid latitude of the range)? 
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METHODS 

Study area and species 

The study area encompassed five Western European countries: France, 

Luxemburg, Belgium, The Netherlands and Germany (Fig. 3-1). The region is situated 

between 42° and 55°N and 5°W and 15°E and has a sum med total area of 971404 

km². Temperate deciduous forest is the predominant potential natural vegetation type 

in the region and within this formation forest herbs comprise the majority of total plant 

species diversity (Hermy et al. 1999). Based on Ellenberg et al. (1992), Hermy et al. 

(1999) identified 383 plant species characteristic of European temperate deciduous 

forest communities and related scrub communities. This list was used as starting 

point for data collection in the present study. Plant species nomenclature was 

standardized according to Ellenberg et al. (1992). 

 

Figure 3-1  Study area with well-occupied grid cells (N = 3147) in dark grey. Because of the high number of 

under-inventoried grid cells in France, the study area was divided in two parts (France vs. all other 

countries). 
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Distibution data 

Forest plant species distribution data were compiled for five Western 

European countries from four floristic databases. For Germany, distribution data were 

obtained from the Database of Floristic Mapping in Germany of the Federal Agency 

for Nature Conservation (www.floraweb.de), which includes distribution data for all 

German plant species at a grid cell scale of 4 km².  For Belgium and Luxemburg, 

plant data were obtained from the Atlas of the Flora of Belgium and Luxemburg (Van 

Rompaey & Delvosalle, 1979), where distribution data of higher plants in Belgium and 

Luxemburg are mapped at both 4 km² and 1 km² scales. Dutch plant distribution data 

were obtained from the FlorBase database maintained by FLORON (www.floron.nl) 

which also provides distribution data at 4 km² and 1 km² scales. For France there is 

no full-territory, grid-based plant distribution database available at present. Instead, 

data were obtained from the ongoing SOPHY project (Brisse et al. 1995) that 

combines data from floristic relevés across the whole of France, and contains over 

80.000 digitized and located relevés to date. Combined, these four data sources 

provided full distributional data for 287 of the 383 forest plant species listed by Hermy 

et al (1999). For the other 96 species, distributional data were lacking for at least one 

of the countries, although they occurred there according to local floras. This set of 

287 species was then reduced by excluding pteridophytes, resulting in a total of 273 

species representing 61 angiosperm and 2 gymnosperm families (see Appendix 3-1).  

The four coordinate systems were converted to decimal degrees using ArcGIS 

software (ESRI 2004) and the distribution data were scaled up to a 10’ grid (cf. New 

et al. 2002; approximately 12 × 18 km = 216 km²), leading to a total grid cell number 

of 4599 for the entire study area. All further geographical analyses were performed 

using ArcView 3.2 (ESRI 2001).  

Species traits 

For the 273 forest plant species (see Appendix 3-1), data on six life-history 

and morphological traits (see Table 3-1) were compiled based on a list of core traits 

suggested by Weiher et al. (1999).  Additional traits were also used (e.g. seed 

production per plant, seed size, seed dispersal mode; Table 3-1); these were 

previously identified as important in plant species colonization at local scales 

(Verheyen et al. 2003). Compilations of autecological information of European 
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species were searched for species information on the selected variables (Table 3-1; 

Rameau et al. 1989; Hodgson et al. 1995; Kleyer 1995; Thompson et al. 1997; Klotz 

et al. 2002; Poschlod et al. 2003; Verheyen unpubl.). On average, data were available 

for 59 % of the 273 species for each of the traits tallied. 

Data analysis 

For each of the 273 species we computed four range-related variables: range 

patchiness (only for species with occupancy between 20 % and 80 %), area of 

occupancy, latitudinal extent and centroid latitude (see Table 3-2). Following Gaston 

(2003), we here define the area of occupancy (AO) as the area over which the 

species is actually found in the study area (expressed in occupied grid cells) and the 

extent of occurrence (EO) as the area within the outer limits to the (regional) 

occurrence of the species. Because species do not occupy all habitats within the 

geographic limits of their occurrence, the latter will be consistently larger. The AO for 

each species was calculated as the fraction of well-inventoried grid cells occupied 

within the study area, with a well-inventoried grid cell defined as a grid cell containing 

more than 30 forest plant species (N = 3146 well-inventoried grid cells). This fraction 

was chosen above the absolute number of occupied grid cells to reduce the possible 

effect of under-inventoried grid cells in France (see Fig. 3-1). For the same reason, 

AO centroids were first calculated for France and for the rest of the study area 

separately, based on all occupied grid cells in that part of the study area. 

Subsequently, the latitude of the AO centroid (in decimal degrees) was calculated by 

weighted averaging based on the area of both parts. The latitudinal EO (also in 

decimal degrees) was defined as the distance between the northern-most and 

southern-most occupied grid cells. The centroid latitude and latitudinal extent 

variables should be interpreted with care, since these two variables are influenced by 

the arbitrary truncation of the study area at national boundaries. They are included 

only to provide some information on the ‘orientation’ of species’ ranges within the 

study area and should be interpreted with caution. 



Chapter 3 

36 

Table 3-1  Overview of the plant traits included in the database.

traits description scale number (and %) of 
species with trait data 
available (max = 273) 

main data sources 

reproductive traits     
  seed weight weight of one seed in mg ratio 144 (53) Klotz et al. 2002 
  seed size average of seed length, width and thickness in mm ratio 174 (64) Klotz et al. 2002 
  seed production 5 classes modified from Mabry et al. (2000): 1: 

<25; 2: 26-100; 3: 101-1000; 4: 1001-10000; 5: 
>10000 

ordinal 145 (53) Poschlod et al. 2003 / Verheyen unpubl. 

  dispersal type 4 classes: 1: anemochory; 2: endozoochory & 
exozoochory; 3: ballistochory, myrmecochory, 
barochory; 4: hydrochory 

nominal 145 (53) Rameau et al. 1989 / Klotz et al. 2002 

  seed bank 
longevity index 

proportion (%) of short and long term persistent 
records on total 

ratio 127 (47) Thompson et al. 1997 

     
vegetative trait     
  max. height maximum height of plant individual in cm ratio 226 (83) Rameau et al. 1989 / Kleyer 1995 / 

Hodgson et al. 1995 
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A Ripley’s K (Ripley 1977) based measure (Locc) was calculated to deal with 

the patchiness of the occupied grid cells for 117 species (30 woody and 87 

herbaceous plant species) with an occupancy of 20 to 80 % occupied well-inventoried 

grid cells (see Appendix 3-2 for a detailed methodology). Locc was calculated at a 

range of distances d. The minimum distance was set at 50 km, the maximum distance 

at 1000 km, and intervals between successive distances at 50 km. Values greater 

than zero indicate clustering, values smaller than zero indicate overdispersion of the 

species distribution pattern. To establish links between the species-specific spatial 

point pattern analyses and dispersal mode, the calculated Ripley’s K-based data were 

summarized across dispersal modes via graphs depicting the group mean Locc +/- 

the standard error at each analyzed distance.  Since there is no valid evaluation test 

yet for the specific type of null-model presented in this study (see Loosemore & Ford 

2006), traditional p-values cannot be estimated; instead group mean curves were 

compared qualitatively. 

Cross-species relationships between life-history traits and the other three 

range variables were analysed using Spearman rank correlations and Mann-Whitney 

test statistics. The nominal trait seed dispersal mode (4 categories; see Table 3-1) 

was analyzed as a series of pairwise binary variables to allow for direct comparison 

with PIC results (see below) (Siegel & Castellan 1988).  

 To develop PICs, the 271 angiosperm species in the data set were first 

arrayed on a phylogenetic supertree based on the family-level phylogeny of Davies et 

al. (2004) using the web-based program Phylomatic 

(http://www.phylodiversity.net/phylomatic; see also Webb & Donoghue 2005).  

Subfamilial polytomies were partially or fully resolved based on available published 

phylogenies (see Appendix 3-3 for details); in cases where focal species were not 

directly included in these phylogenetic studies, congeners were used and genera 

were assumed to be monophyletic.  Sub-generic polytomies were not resolved due to 

a lack of data on intra-generic phylogenetic relationships for the vast majority of taxa 

included.  The two gymnosperm species included were placed as sister taxon to the 

angiosperms. The resultant phylogenetic tree and following PIC analyses were 

completed using CAIC (Comparative Analysis by Independent Contrasts, ver. 2.6; 

Purvis & Rambaut 1995) with all branch lengths set equal to one.  Prior to analysis, 

the following plant trait variables were natural log transformed to equalize variance: 

maximum height, diaspore weight, seed size, and seed bank longevity.  CRUNCH 
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analysis in CAIC was used to calculate PICs for which the independent and 

dependent variables were continuous; BRUNCH analysis was used to calculate PICs 

for which the independent variable was categorical (Purvis & Rambaut 1995). 

BRUNCH is most appropriate for binary categorical variables or for ordinal categorical 

variables (e.g., seed production classes). The nominal variable seed dispersal mode 

was treated in two ways: first, as a series of binary variables coding individual 

pairwise contrasts of dispersal modes, and second, as a single binary variable with 

anemochores, endozoochores and exozoochores grouped as species with high 

potential for long-distance dispersal and myrmecochores, ballistochores and 

barochores grouped as species with low potential for long-distance dispersal 

(following Peterken & Game 1984; Matlack 1994; Verheyen et al. 2003; Ozinga et al. 

2005); hydrochores were not included in this second analysis. In calculating PICs, 

CAIC sets the independent variable contrasts positive (Purvis & Rambaut 1995); if 

there is no correlation between the dependent and independent variables, an equal 

number of positive and negative dependent variable contrasts are expected. If the 

dependent variable contrasts are consistently positive or consistently negative, there 

is evidence for a positive or negative association between the variables, respectively. 

To test the significance of these patterns, the dependent variable contrasts were 

analyzed in SYSTAT (ver. 10, Systat Software Inc., Point Richmond, CA) with two-

tailed one-sample t-tests against the null hypothesis that the mean dependent 

variable contrast equaled zero (Purvis & Rambaut 1995).  Preliminary TIP and PIC 

analyses identified divergent and partially confounded patterns of association 

between plant traits and range characteristics for herbaceous and woody taxa; 

therefore, the data set was divided into woody and herbaceous taxa and these two 

groups were analyzed separately for all TIP and PIC analyses presented here. 

Finally, because Western Europe has supported substantial human populations for 

millennia with considerable migration, trade and agricultural land use (Roberts 1998), 

the ranges of some agricultural, ornamental and other economically-important plant 

species have been expanded by human influence while others have been reduced 

(e.g. Smith 1970). To address this potentially confounding factor, an additional 

analysis was performed with species of agricultural or ornamental value (mostly 

herbaceous, 24 species) and of economic importance (mostly woody, 32 species) 

excluded. Species excluded were identified from the German database, which 

includes information on the assumed origin of the species occurring in each grid cell. 
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In this database, species are divided into two discrete groups, species with assumed 

introductions < 3-4 % and species with assumed introductions > 10 % of all occupied 

grid cells in Germany. The latter group was excluded from the additional analysis.   

RESULTS 

Among the 273 forest plant species in our study, the AO ranged from 5 to 

2999 grid cells (0.16 to 95.33 % of well-inventoried grid cells) or ~1000 km² to 

~650000 km², with a strong positive skew of the species – AO distribution. That is, 

most species had relatively small AO’s while a few species had relatively large ranges 

within the study area. The species AO centroids spanned a latitudinal gradient from 

45.55 to 54.47°N. Latitudinal extents ranged from 0 .50 up to 12.90 decimal degrees 

or ~100 km to ~1500 km. 

Patchiness analyses – clustering of occupied grid c ells in relation to 
dispersal mode 

Generally, there were no strong qualitative differences in species distribution 

patterns between woody and herbaceous plant species and between different 

dispersal modes within the woody / herbaceous groups (Fig. 3-2). All species showed 

a clustered distribution pattern up to a distance of approximately half of the study 

area. At short distances Locc goes to zero because grid cells are approximated as 

points, at high distances because the edges of the study area are reached. However, 

there were quantitative differences between the different dispersal modes. For woody 

plants, species with anemochoric seed dispersal exhibited more clustered distribution 

patterns at the study area level than species with exo- or endo-zoochorous seed 

dispersal. A similar pattern was apparent for herbaceous species, but here species 

with barochoric, myrmecochoric, ballistochoric and hydrochoric seed dispersal 

showed an even more clustered distribution pattern relative to species with 

zoochorous or anemochorous seed dispersal. 
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Figure 3-2  Group means of Locc and standard errors versus distance (in kilometer) for woody (left) and 

herbaceous (right) plant species and for different dispersal types (woody: N anemochory = 28; N zoochory = 

33; herbaceous: N anemochory = 21; N zoochory = 37; N barochory, myrmecochory and labbistochory = 46 

and N hydrochory = 4). The dashed line at Locc = 0 is the expected random value.  Higher values of Locc 

represent more clustering. 

Cross-species analyses - relationships between plan t traits and geographic 
range characteristics 

For woody plant species, no significant TIP correlations were found between 

plant traits and range characteristics. For herbaceous plant species, both seed bank 

longevity and seed production were significantly positively correlated with the 

latitudinal EO (Table 3-3). Seed dispersal mode exhibited several significant 

associations: in general, species that produce seeds with structures likely to result in 

long-distance dispersal had larger AO’s than species lacking these structures (p < 

0.01; mean AO for species with long-distance seed dispersal = 1953.9 grid cells SE ± 

74.4 or 422042 km² SE ± 16070; mean AO for species with limited dispersal = 1590.8 

grid cells SE ± 91.6 or 343612 km² SE ± 19785). More specifically, in pairwise 

contrasts, plant species with endo-/exo-zoochoric seed dispersal had larger AO’s 

than species with anemochoric seed dispersal (p < 0.05) and species with 

myrmecochoric, barochoric or ballistic seed dispersal (p < 0.01). 
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Phylogenetically independent contrasts - relationsh ips between plant traits 
and geographic range characteristics 

For woody taxa, the PIC analyses detected a significant positive association 

(p < 0.05) between plant maximum height and AO centroid latitude (Table 3-4).  

 

Table 3-2  Cross-species correlations of woody plant species life-history traits and geographic range 

characteristics. N = number of species; values are Spearman rank correlations for ratio and ordinal traits and 

Mann-Whitney Z-values for contrasts of nominal traits. For woody plant species, the nominal variable 

dispersal mode is binary: anemochore or zoochore. 
  area of 

occupancy 

latitudinal 

extent 

centroid 

latitude 

maximum height N = 85  0.194(*) 0.135 0.159 

diaspore weight N = 44 0.063 -0.042 -0.274(*) 

seed size N = 60 0.141 0.066 -0.134 

seed bank longevity index N = 43 -0.122 0.053 0.077 

seed production per plant N = 48 0.282(*) 0.247(*) 0.232 

dispersal: anemochore vs. zoochore N = 48 -0.250 -0.057 -1.032 

 

**P≤0.01; *P≤0.05; (*)P≤0.1 
 

Table 3-3  Cross-species correlations of herbaceous plant species life-history traits and geographic range 

characteristics. N = number of species; values are Spearman rank correlations for ratio and ordinal traits and 

Mann-Whitney Z-values for contrasts of nominal traits. For herbaceous plant species, the nominal variable 

dispersal mode is shown as (post-hoc) contrasts of variable classes; one of these classes had few species 

and is not presented (dispersal hydrochory).  Dispersal mode was also analyzed as a single binary variable 

with two classes: long-distance dispersal vs. short-distance dispersal.  

  area of 
occupancy 

latitudinal 
extent 

centroid 
latitude 

maximum height n = 141  0.073 0.123 -0.052 

diaspore weight n = 100 0.020 -0.153 -0.009 

seed size n = 114 0.050 -0.075 0.011 

seed bank longevity index n = 84 0.188(*) 0.243* 0.096 

seed production per plant n = 97 0.166 0.275** -0.063 

dispersal: long- vs. short-distance n = 93 -2.681** -1.970* -0.151 

dispersal: anemo- vs. endo-/ exo-
zoochore 

n = 40 -2.462* -0.738 -1.285 

dispersal: anemo- vs. myrmeco-, 
balisto-, baro-chore  

n = 73 -1.107 -1.992* -0.792 

dispersal: endo-/ exo-zoochore vs.               
myrmeco-, ballisto-, barochore 

n = 73 -3.166** -1.148 -1.033 

 

**P≤0.01; *P≤0.05; (*)P≤0.1 
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Table 3-4  Phylogenetically independent contrasts of woody plant species life-history traits and geographic 

range characteristics with one sample t-test of dependent range variable contrasts mean equal to zero. N = 

number of contrasts; values are t-statistics. The sign of the t-statistic, (+) or (-), indicates a positive or 

negative association between the independent and dependent variables. For woody plant species, the 

nominal categorical variable dispersal mode is binary: anemochore or endo-/exo-zoochore. 
  area of 

occupancy 

latitudinal 

extent 

centroid 

latitude 

maximum height n = 65  1.929(*) 1.789(*) 2.502* 
diaspore weight n = 40 0.460   0.610   0.433   
seed size n = 47 0.832   0.443   0.545   
seed bank longevity index n = 38 0.608   1.421 0.921   
seed production per plant n = 16 0.011   0.218   0.602   
dispersal: anemo-chore 
       vs. endo-/exo-zoochore 

n =  8 -0.531   -0.670   -0.937   

 

**P≤0.01; *P≤0.05; (*)P≤0.1 
 
Table 3-5. Phylogenetically independent contrasts of herbaceous plant species life-history traits and 

geographic range characteristics with one sample t-test of dependent range variable contrasts mean equal 

to zero. N = number of contrasts; values are t-statistics. The sign of the t-statistic, (+) or (-), indicates a 

positive or negative association between the independent and dependent variables. The nominal categorical 

variable dispersal mode was coded as a series of pairwise binary variables; sub-variables with < 5 PICs for 

all comparisons are not presented (i.e., dispersal mode hydrochore). Dispersal mode was also analyzed as 

a single binary variable (long-distance dispersal vs. short-distance dispersal; see Methods).  

 

  area of 

occupancy 

latitudinal 

extent 

centroid 

latitude 

maximum height n = 107 0.618   0.169   1.449   

diaspore weight n = 81 0.333   0.333   -0.057   

seed size n = 89 0.290   0.167   0.221   

seed bank longevity index n = 71 2.192* 0.725   1.869(*)   

seed production per plant n = 18 3.095** -0.260   1.784(*)   

dispersal: long- vs. short-distance n = 17 -2.692* -2.541* -0.512   

dispersal: anemo- vs. endo-/ exo-
zoochore 

n = 7 1.836   0.016   0.068   

dispersal: anemo- vs. myrmeco-, 
balisto-, barochore  

n = 8 -1.848 -1.500   0.045   

dispersal: endo-/ exo-zoochore vs. 
myrmeco-, ballisto-, barochore 

n = 12 -2.368* -0.823   -0.978   

 
**P≤0.01; *P≤0.05; (*)P≤0.1 
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Marginally significant (0.10 > p > 0.05) positive associations were detected 

between woody plant maximum height and AO and latitudinal EO.  For herbaceous 

taxa, the PIC analyses identified several plant traits associated with variation in 

geographic range characteristics (Table 3-5).  In particular, AO exhibited significant 

associations (p < 0.05) with several life-history traits, including seed dispersal mode, 

seed production per plant, and seed bank longevity index. The range variable 

latitudinal EO showed fewer associations with plant traits, although it was significantly 

positively associated with seed dispersal modes likely to result in long-distance 

dispersal (p < 0.05). AO centroid latitude exhibited only marginally significant 

associations with plant traits.   

Relationships between plant traits and geographic r ange characteristics – 
human effects on association patterns? 

For the reduced set of herbaceous plant species with commonly introduced 

ornamental species excluded, both TIP and PIC results on plant trait and range 

variable associations were qualitatively the same, with significant positive 

associations between AO and seed production, seed dispersal mode, and seed 

production still apparent (results not presented).  Minor differences between the two 

analyses were detected in some marginally significant results (0.10 > p > 0.05) and in 

one association pattern that was significant in the reduced PIC analysis, but not 

significant in the full PIC analysis: seed bank longevity index exhibited a positive 

association with centroid latitude. In contrast to the herbaceous species results, PIC 

results were qualitatively different for the reduced set of woody species: no 

associations between woody species traits and range variables were significant or 

marginally significant in the restricted PICs.  

DISCUSSION 

Our results show that variation in geographic range characteristics are 

associated with life-history traits for Western European forest plant species, with 

different association patterns apparent for woody and herbaceous taxa. In what 

follows, we first present methodological comments and caveats to these results, 

followed by discussion of the observed associations between plant traits and 
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geographic range characteristics, and finally, a consideration of the result’s potential 

implications.  

Some methodological issues, caveats and potentially  confounding factors 

Blackburn & Gaston (1998) drew attention to several methodological issues 

considered to be of importance in macro-ecological studies; here we address two of 

these topics that are directly relevant to the present study.  

First, it is important to consider the effect that the spatial scale of the study 

area may have on observations of species’ range characteristics. This study can be 

defined as “partial”, as opposed to “comprehensive”, in that the study area does not 

include the complete geographical extent of all species’ ranges considered in the 

analysis (Gaston 2003). While a comprehensive study would be most desirable, the 

absence of detailed distribution data for the majority of temperate forest plant taxa for 

the entirety of their geographic ranges in Eurasia severely limits the potential for a 

comprehensive analysis at this time. Nevertheless, as a consequence of the study’s 

partial status, range variables need to be considered cautiously; in particular, 

individual observations may be substantially influenced by the arbitrary national 

boundaries defining the study area.  However, when averaged across the many 

species considered in this study, these effects are not expected to lead to any 

directional bias in the results.  Furthermore, our study area does represent an 

extensive sample of European temperate forest habitat from which to identify 

associations between plant life-history traits and patterns of occupancy and extent of 

occurrence.  

 Second, as previously mentioned, human-aided range expansion of plant 

species represents a potentially confounding factor for studies of this nature. We have 

attempted to address this possibility by conducting a restricted analysis of plant trait 

and range characteristics with commonly introduced species excluded. For 

herbaceous taxa, the results on trait and range variable associations were 

qualitatively the same, with significant associations between AO and seed dispersal 

mode, seed bank longevity and seed production still apparent.  For woody species, 

the significant and marginally significant associations detected between maximum 

height and range characteristics in the full PIC analysis were absent.  This difference 

may be explained in part by the large proportion of woody species excluded, reducing 

sample size from 99 to 67 species, thus reducing the number of possible contrasts; 
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further, this restricted analysis excluded many of the wide-ranging, economically-

important European tree species (e.g., Fagus sylvatica, Quercus robur) which appear 

to drive the positive association between maximum height and AO centroid latitude 

(and to a lesser extent AO and LE).   Therefore, the significant and marginally 

significant positive associations between woody plant maximum height and range 

characteristics must be considered cautiously: this association may represent a real 

biological phenomenon related to ecophysiological characteristics or other ecological 

traits associated with maximum height (see below), or it may reflect human-aided 

range expansion of large-statured woody plant species in the study area.  Finally, we 

also acknowledge that human land management or direct exploitation may have 

reduced the ranges of other species (e.g, Taxus baccata; Svenning & Magård 1999) 

and this may potentially influence the results of our study. 

Cross-species analyses and phylogenetically indepen dent contrasts 

Despite differing philosophical and statistical approaches to the data, there 

was good correspondence between the TIP and PIC results in that both analyses 

identified the same 3 life history traits (seed bank longevity, seed production, and 

dispersal mode) as being associated with geographic range characteristics of 

herbaceous taxa in the study area.  Overall, the PIC and TIP analyses identified 9 

associations between herb traits and range characteristics as significant (p < 0.05); of 

these 9 associations, 3 were identified as significant by both the PIC and TIP 

analyses.  In 8 of these 9 cases, the direction of the association (positive or negative) 

was consistent between the PICs and TIPs, even if significance (p < 0.05) was 

attained by only the TIP or PIC result.  The modest differences apparent between the 

PIC and TIP results may arise for several reasons. First, it is likely that the plant life-

history and morphological traits considered in this study exhibit a considerable degree 

of phylogenetic signal or conservatism within lineages (Mazer 1990; Peat & Fitter 

1994), which may confound the cross-species TIP analyses treating species as 

independent data points (Harvey & Pagel 1991); this may result in significant TIP 

results and non-significant PIC results. In addition, cross-species analyses may fail to 

detect subtle trends that become apparent when phylogenetic relationships are 

considered in the PIC analyses. Conversely, other differences may arise from the low 

sample size of several of the categorical variable PIC comparisons which may yield 

low power to detect trends in the data.  Our Discussion will be conservative in that we 
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will primarily focus on significant results (p < 0.05) that are consistent between the 

TIP and PIC analyses and on those that are significant in the PIC analyses.   

Patchiness and dispersal mode 

In general, the distribution patterns of all species were highly clustered up to a 

distance of approximately half the study area.  This result indicates that most species 

ranges do not include high numbers of unoccupied grid cells within their outer range 

boundaries.  This result implies that the PIC and TIP analyses of associations 

between plant life-history traits and range characteristics are primarily assessing 

gross differences in species’ range size, rather than differences in metapopulation 

dynamics or saturation of suitable sites within outer range boundaries. However, 

within the overall pattern of range clustering, there were quantitative trends toward 

differences between species with different seed dispersal modes (Fig. 3-2).  In 

particular, species with limited seed dispersal exhibited more clustered distribution 

patterns than those with adaptations for long-distance seed dispersal (respectively: 

barochory, myrmecochory, ballistochory, hydrochory > anemochory > zoochory).  

This result is consistent with the evidence both from local-scale studies confirming a 

strong correlation between life-history traits, particularly seed dispersal mode, and 

colonization ability (Peterken & Game 1984; Matlack 1994; Brunet & Von Oheimb 

1998; Jacquemyn et al. 2001; Bellemare et al. 2002; Verheyen et al. 2003), as well as 

from large-scale studies suggesting dispersal limitation in several species groups 

(e.g., Skov & Svenning 2004).  

Plant traits and range size: patterns among woody a nd herbaceous species 

For woody species, in the PIC analysis, a significant positive association was 

detected between maximum height and AO centroid latitude, implying that large-

statured woody taxa tend to have AOs centered farther north within the study area 

than related, lower statured taxa.  In addition, a marginally significant (0.10 > p > 

0.05) positive association was apparent in both PIC and TIP results between 

maximum height and AO. These results are generally consistent with previous reports 

from Great Britain (Kelly 1996; Kelly & Woodward 1996) and Australia (Murray et al. 

2002) which have noted positive associations between woody plant height and range 

size.  The factors underlying the positive trends toward association between 
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maximum height and greater range size are not entirely clear, but increased 

competitive ability or increased seed production with greater size have been 

suggested as possibilities (Kelly 1996; Kelly & Woodward 1996). Additionally, climatic 

factors may underlie variation in range position associated with maximum height, with 

decreased water stress in northern portions of the study area potentially favoring taxa 

that reach greater maximum height (Ryan & Yoder 1997). As mentioned above, these 

results should be interpreted with care due to the potential effects of humans on the 

distribution of many woody species. 

 For herbaceous species, significant associations documented between 

greater AO and increased seed production (PIC p < 0.01) and seed dispersal modes 

likely to result in long-distance seed dispersal (exo-/endo-zoochory and anemochory; 

TIP p < 0.01 and PIC p < 0.05) indicate that among forest herbs in Western Europe, 

taxa that produce more and better dispersed seed attain larger geographic ranges 

with greater latitudinal extent than phylogenetically-related taxa with more limited 

seed production and dispersal ability. The magnitude of this difference in AO for seed 

dispersal mode is considerable: the mean AO of herb species exhibiting adaptations 

for long-distance dispersal (anemochores, endo- and exo-zoochores) is ~ 23% larger 

than that of species with limited seed dispersal ability (myrmecochores, barochores); 

further, the AOs of 12 of the 53 species (23%) with limited seed dispersal ability fall 

below the minimum AO observed for species with adaptations for long-distance 

dispersal.  

Herbaceous taxa with greater seed bank longevity also tend to have larger 

geographic ranges than taxa with lesser seed banking potential (PIC p < 0.05). While 

this pattern has not been the focus of prior studies, our results are generally 

consistent with a recent analysis of Dutch vegetation (Ozinga et al. 2005) in which 

species’ predictability of occurrence was positively associated with seed bank 

longevity; these results may be indicative of a rescue effect of the soil seed bank, or 

“dispersal in time”, allowing for species persistence through unsuitable conditions that 

might otherwise result in local or regional population extinction (Ozinga et al. 2005).  

The positive relationship documented here between herbaceous species seed 

production and increased range size is consistent with results of several previous 

studies (Murray et al. 2002; Lavergne et al. 2004; Mabry 2004). This pattern has been 

interpreted as evidence for a form of dispersal limitation, in that greater seed 

production may correlate with increased likelihood of long-distance dispersal (Mabry 
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2004); similarly, increased seed production may lead to increased propagule pressure 

on unoccupied, suitable sites, a key factor influencing the success of contemporary 

species invasions and range expansions (Lockwood et al. 2005).  

In regards to the associations documented between herbaceous species seed 

dispersal mode and range size, our results are consistent with a limited number of 

studies that have examined links between geographic range size and aspects of seed 

dispersal morphology in Australia and New Zealand (Oakwood et al. 1993; Edwards 

& Westoby 1996; Lloyd et al. 2003). However, prior studies in Western Europe have 

typically not found a relationship between dispersal mode or dispersal ability and 

range size (Kelly 1996; Kelly & Woodward 1996; Eriksson & Jakobsson 1998; 

Thompson et al. 1999) or have produced contrasting results.  For example, Peat & 

Fitter (1994) found that the ranges of British plant species with anemochoric seed 

dispersal were smaller than taxa with unspecialized seed dispersal. In contrast to 

these prior European studies, our results do show strong associations between seed 

dispersal mode and range size: herbaceous forest plant taxa with endo- or exo-

zoochoric seed dispersal and, to a lesser extent anemochoric seed dispersal, have 

larger AOs than taxa with myrmecochoric, ballistic, or barochoric seed dispersal. This 

conspicuous difference between the results of previous European studies and those 

of the present analysis may be due in part to the following factors: first, prior studies 

have typically focused on more limited geographic areas, principally the island of 

Britain (Peat & Fitter 1994; Kelly & Woodward 1996; Thompson et al. 1999); second, 

some studies have considered seed dispersal mode or ability differently, for example, 

Thompson et al. (1999) focused only on anemochoric dispersal using empirical 

measures of dispersule terminal velocity and excluded species with adaptations for 

exo- or endo-zoochoric seed dispersal; finally, our analysis focused exclusively on 

forest plant species, while previous studies have examined species from other habitat 

types, such as grasslands (Eriksson & Jacobsson 1998), or from across a range of 

habitats (Peat & Fitter 1994; Kelly & Woodward 1996). Nevertheless, our results are 

consistent with numerous studies examining seed dispersal and colonization ability of 

forest herbs at local scales in Europe (e.g. Brunet & Von Oheimb 1998; Bossuyt & 

Hermy 2000; Verheyen et al. 2003); however, that similar patterns should be 

apparent at the regional to continental scale in regards to range size is somewhat 

unexpected (Higgins et al. 2003).  This association pattern may be indicative of 

greater potential of anemochoric and endo-/exo-zoochoric seeds for chance long-
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distance dispersal by migrating birds or mammals or by extreme weather events, 

such as severe windstorms (Cain et al. 1998; Pakeman 2001; Higgins et al. 2003); 

such rare events leading to long-distance dispersal are believed to have been of 

critical importance in the northward expansion of temperate plant species’ ranges 

during the Holocene (Cain et al. 1998; Pakeman 2001). While seeds of species 

lacking morphological adaptations for long-distance dispersal are likely moved long 

distances on occasion in rare or extreme events, it is possible that differences in 

species’ potential for long-distance seed dispersal may be sufficient to result in 

persistent differences in range size among taxa with differing seed production and 

dispersal characteristics.  

 Placing the patterns documented in this study in a historical context, we 

propose that the contemporary range extent of forest herb species with limited seed 

production and dispersal ability may be limited due to historical processes, potentially 

including protracted time lags in Holocene range expansion from Pleistocene-era 

refugia into Western Europe. While the contention that plant species’ distributions 

may be limited by dispersal and seed production at these spatial and temporal scales 

runs counter to the equilibrial view of plant ranges at time scales >102-103 yr (Webb 

1986; Prentice et al. 1991; Williams et al. 2002; Shuman et al. 2004; Tinner & Lotter 

2006), this conclusion is consistent with empirical observations on extra-range 

naturalization by many temperate forest plant species in Europe (Skov & Svenning 

2004; Svenning & Skov 2005). Further, recent analyses modeling the climatic 

envelope of European forest herb species’ ranges indicate that some species may 

exhibit “poor range-filling capacity”, in that large areas of apparently suitable habitat 

exist beyond current range boundaries; this has been attributed in part to dispersal 

limitation (Skov & Svenning 2004). Our results documenting significant trends toward 

smaller range sizes among forest herb taxa with limited seed production and limited 

seed dispersal ability relative to phylogenetically-related taxa with greater seed 

production and dispersal ability are consistent with this contention.  In conclusion, the 

results of this study strongly suggest that for some Western European forest plant 

species, range extent may be limited by colonization capacity rather than climate or 

other environmental factors.   



 

 

 

 

 

 

 

 

 

 

 

 
Part of the experimental plot in Kastanjebos (Herent, Flanders) with a control plot in front and two 
vegetation-free plots in the back, all 2 * 2m. The plastic tubes indicate the 0.5 * 0.5 m subplots with the four 
transplanted species. The dominant species is Anemone nemorosa. Photo: Bas Van der Veken 
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Are Plant Distributions Dispersal Limited? 

Insights from the Transplantation of Four 

Forest Herbs beyond their Natural 

Geographic Range 

ABSTRACT  

In order to experimentally test for large-scale dispersal limitation of plant species’ geographic 

ranges, this study examined survival and performance of four European forest herb species 

after they were transplanted tens to hundreds of kilometers north of their current natural range 

edges in continental Western Europe.  At two forested field sites in Belgium, seeds and adults 

of the focal species were introduced into apparently suitable natural habitat in a randomized 

block design.  A vegetation cover treatment was included to assess the effect of biotic factors 

on establishment success and subsequent growth. Both survival and performance, measured 

as a synthetic index of vegetative and generative traits, were monitored for three years. 

Adult plant survival was generally high beyond current range edges, with 3 of the 4 focal 

species successfully establishing.  However, a trend toward decreasing survival with 

increasing distance from the northern range edge was apparent.  Further, strong negative 

effects of above-ground competition on initial survival of both adults and seedlings were 

apparent indicating the potential for bottlenecks caused by the biotic community during the 

population establishment phase of range expansion. However, once established, most adults 

performed well. 

Given successful establishment and growth of 3 of the 4 focal species beyond their northern 

range edges, our results suggest the possibility of large-scale dispersal limitation for some of 

Western Europe’s native forest flora.  This apparent disequilibrium between species’ current 

Adapted from: Van der Veken S., Verheyen K., Bellemare J. & Hermy M. 2008 – Biological 

Conservation, submitted. 
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distributions and the present-day environment may result from time lags in range expansion 

following severe range contractions of European temperate forest plant species in the 

Pleistocene Ice Ages.  If some plant species have been unable to effectively track Holocene 

climate changes during the past ~10.000 years, it is unlikely that they will quickly respond to 

the more rapid, anthropogenically-driven, climate changes projected for the near future. This 

raises important questions on the feasibility and desirability of “assisted migration” as a 

conservation measure for dispersal-limited plant species. 

INTRODUCTION 

Understanding the relative importance of contemporary environmental factors 

and historical processes in determining species geographic ranges is crucial for 

predicting the impacts of future climate change on biodiversity (Pearson 2006). If 

species’ distributions are in a close dynamic equilibrium with the contemporary 

environment, and have rapidly tracked changes in the location and extent of suitable 

habitat in the past, they may be expected to make relatively rapid adjustments in their 

geographic ranges as climate changes in the future (Webb 1986; Webb et al. 2004; 

Pearson 2006). In contrast, if species’ distributions are not in close equilibrium with 

the contemporary environment, they may not be expected to respond rapidly to future 

changes in the climate (Pearson 2006; Van der Veken et al. 2007a). In the later case, 

such “disequilibrium” in species’ geographic ranges could result from time lags in 

species responses to past climate change, such as the dramatic shifts of the 

Pleistocene-Holocene transition and subsequent Holocene-era climate dynamics 

(Davis 1986). Indeed, given projections for anthropogenically-driven climate change 

to cause global temperatures to rise between 1.8 and 4.0°C by the end of the 21st 

century (IPCC 2007), most species will soon face the challenge of making substantial 

adjustments in their geographic ranges and what has formerly been principally an 

academic debate among paleoecologists (Davis 1986; Webb 1986) will take on 

increasing significance for conservation planning.  

For any particular species, extinction risk due to future climate change will be 

elevated if suitable habitat conditions disappear entirely (Williams et al. 2007), or, 

more likely, if suitable conditions shift in the landscape faster than the species can 

migrate to track these changes (Parmesan 2006; Foden et al. 2007). To make reliable 

predictions of species responses to these projected shifts in suitable climate, it is of 

crucial importance to evaluate the extent to which species ranges have been able to 



Large-scale dispersal limitation in forest herbs 

53 

track past climate change, such as post-glacial Holocene climate changes, and to test 

the extent to which species’ contemporary range edges represent climatically-

determined boundaries, as opposed to chance outcomes of limited dispersal ability 

and slow responses to past change. While it is widely recognized among 

paleoecologists and biogeographers that current environmental conditions, especially 

climate (Webb 1986; Hawkins et al. 2003; Webb et al. 2004), play a crucial role in 

determining most species’ geographic ranges, several recent studies do suggest that 

some species may fill only a limited portion of their potential range (e.g. Svenning & 

Skov 2004, 2005), i.e. the range that would be achieved should all dispersal limitation 

be removed and all environmentally suitable habitat be colonized (Gaston 2003). In 

particular, tree species in Europe have been the subject of considerable recent 

research in this regard (Willis & van Andel 2004, Svenning & Skov 2005, 2007). Most 

strikingly, studies by Svenning & Skov (2005, 2007) have shown strong evidence for 

dispersal limitation of the geographic distributions of many European tree species and 

suggest community-level impacts on species richness due to delayed post-glacial 

colonization. If these tree species fill only a limited portion of their potential ranges in 

Europe, this raises significant questions about the relative range equilibrium or 

disequilibrium of forest herbs occupying the understory of forests in Western Europe.  

In general, most forest herbs produce orders of magnitude fewer seeds per year than 

trees (Hermy et al. 1999), suggesting that they exert less propagule pressure on 

unoccupied sites within or beyond current range edges (Mabry 2004, Lockwood et al. 

2005).  Furthermore, unlike most Western European trees and shrubs that produce 

seeds or fruits exhibiting adaptations for long-distance dispersal by wind or 

vertebrates, many forest herbs have no special adaptations for long-distance seed 

dispersal (Trakhtenbrot et al. 2005). This raises the question of whether Western 

European forest herb species, which were likely restricted to southern European and 

Mediterranean region glacial refugia with other temperate plant species during the 

Pleistocene (Petit et al. 2003), have been able to effectively track the migrating tree 

front during the Holocene reforestation of Western Europe? Or might these forest 

herbs be even more dispersal limited than the trees? Some recent modeling and 

observational studies do indeed suggest that a large proportion of European forest 

herb species may have geographic ranges that are limited by dispersal to some 

extent at a continental scale (Honnay et al. 2002, Skov & Svenning 2004, Van der 

Veken et al. 2007a).  For example, climatic envelope models for 26 forest herbs 
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suggest limited filling of the full extent of their potential range in Europe and predict 

serious threats from future climate change for approximately one third of the species 

investigated (Skov & Svenning 2004). Similarly, there is considerable experimental 

evidence demonstrating dispersal limitation of forest herb distributions at local 

(Bossuyt et al. 1999, Verheyen & Hermy 2001, Graae et al. 2004, Ehrlén et al. 2006, 

Zartman & Nascimento 2006) to regional scales (Van der Veken et al. 2007b). At a 

larger geographic scale, Van der Veken et al. (2007a) found evidence that the range 

sizes of forest herbs in continental Western Europe were correlated with seed 

dispersal ability, suggesting in particular that the distributions of species with seeds 

lacking adaptations for long-distance dispersal may be restricted by seed dispersal 

more so than the extent of suitable habitat. Consistent with the findings of these local- 

to continental-scale studies, a recent meta-analysis of seed sowing experiments 

(within the natural ranges of the species investigated) by Clark et al. (2007) found that 

most species show signs of dispersal limitation. Moreover, this meta-analysis 

suggested that seed limitation was greater for large-seeded species and for species 

with relatively short-lived seed banks (Clark et al. 2007), traits that are characteristic 

of many forest herbs (Hermy et al. 1999).  

Surprisingly, despite considerable evidence for dispersal limitation of species 

distributions within the limits of their current geographic ranges, relatively few studies 

have directly and experimentally tested the possibility of dispersal limitation of species 

geographic ranges through seed sowing or transplantation beyond present range 

boundaries (see Table 2.1 in Gaston 2003 for a summary of studies testing range 

limits).  Importantly, of the limited number of studies that have tested species extra-

range establishment ability and performance, many have investigated only a single 

species and have often worked on a limited spatial scale.  For example, Levin & Clay 

(1984) transplanted Phlox drummondii along a 10 km transect crossing the species’ 

range edge in Texas, while Holland (1980) moved Erythronium americanum 20-50 km 

across its northern range edge in Nova Scotia. These studies, and others studies 

summarized in Gaston (2003), are by no means unanimous in their findings, with 

evidence for both successful extra-range establishment as well as failure, suggesting 

considerable variation among species in the nature and determinants of current range 

edges (e.g., present climate vs. past dispersal limitation). Nevertheless, in the 

particular case of European forest plants, accidental introduction and naturalization of 

many southern European species beyond their range edges in northern and Western 
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Europe, e.g. through the horticultural industry (Van der Veken et al. 2008), provides 

strong circumstantial evidence for dispersal constraints on the geographic ranges of 

some European plant species.  

In the present study we empirically test the survival and performance of four 

European forest plant species, selected based on a latitudinal gradient in their 

respective northern range edges, after they were transplanted tens to hundreds of 

kilometers north of their natural range edges into two experimental sites in Belgium. A 

randomized block design experiment was established in a forest type similar to the 

focal species natural habitats to test their ability to survive in apparently suitable 

habitat beyond their northern range edges. As biotic interactions are potentially 

important in determining species distributions and success in establishing new 

populations, a vegetation cover treatment was included in the experiment to test the 

focal species competitive abilities in natural forest vegetation and to evaluate the 

potential for biotic constraints on range expansion. More specifically, we investigated 

the following research questions: 

 

1) Can the four transplanted species grow and survive beyond their current 

natural range edge?  

2) Does vegetation cover limit recruitment and survival of the four species? 
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METHODS 

Study sites 

Two ancient forest complexes in the vicinity of the city of Leuven, Belgium 

(approx. 30km east of Brussels) were used as study sites for this experiment. The 

first site, Langerodebos (50°49’26”N, 4°38’09”E), i s a 15 ha ancient forest complex in 

the floodplain of the river Dijle. The better drained portions of this forest, including our 

study area, belong to alder-ash communities (Primulo-Fraxinetum excelsioris 

community type sensu Hermy 1985) characterized by Fraxinus excelsior in the 

canopy and Anemone nemorosa, Adoxa moschatellina, Primula elatior, Ranunculus 

ficaria, Cardamine pratensis and Filipendula ulmaria in the herbaceous layer. The 

second site, Kastanjebos (50°54’58”N, 4°37’44”E), i s a 52 ha ancient forest with 

vegetation composition comparable to that of Langerodebos; experimental plots at 

the Kastanjebos site were situated in forest vegetation similar to that of the 

Langerodebos experimental site.  

Study species 

The focal species for this study were Scilla bifolia L. (Liliaceae), Iris 

foetidissima L. (Iridaceae), Symphytum tuberosum L. (Boraginaceae), and 

Ornithogalum pyrenaicum L. (Liliaceae).  All four focal species are forest herbs typical 

of alder-ash communities (Alno-Padion sensu Rameaux et al. 1989, Primulo-

Fraxinetum excelsioris sensu Hermy 1985) in Western Europe and have northern 

range edges falling along a latitudinal gradient from mid-France to southern Belgium 

(Fig. 4-1). 

O. pyrenaicum is a 40-100 cm bulb geophyte with the leaves in a basal rosette 

(Rameau et al. 1989). The inflorescence is up to 1m high, with many small white 

flowers along a central axis. Mature bulbs are ~20mm in length; seeds are ~1mm in 

diameter (Hill & Price 1968). Although this species occurs in southwestern England, it 

is not present in northeastern France. The northern range edge of O. pyrenaicum 

crosses southern Belgium and comes the closest of the four focal species to the 

study sites at ~50km distance.  
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S. bifolia is a 10-25 cm tall early-flowering bulb geophyte (Rameau et al. 

1989). It has 2 or rarely 3 leaves and 3-8 purple-blue flowers. The bulbs are ~1.5cm 

in diameter; seeds are round with a diameter of ~1mm. The northern range edge of 

this species crosses northern France and southern Belgium; the minimum distance 

from the range edge to the study sites is ~100km (Fig. 4-1).  

I. foetidissima is a 40-80 cm rhizomatous geophyte flowering in May – July 

(Rameau et al. 1989). It has evergreen, sword-shaped leaves and 2-3 pale bluish 

flowers. Seeds with a 5mm diameter and the appearance of orange-red berries are 

produced in triangular capsules. I. foetidissima is an oceanic species occurring in 

southern England and the Atlantic portions of France. The minimum distance from the 

northern range edge to the study sites is ~200km (Fig. 4-1). 

S. tuberosum is a 20-60 cm tall hemicryptophyte flowering from April to June 

(Rameau et al. 1989). It is a pale yellow-flowered comfrey with tuberous rhizomes. In 

France, S. tuberosum is restricted to the (sub-)Mediterranean regions; the minimum 

distance from the northern range edge to the study sites is ~500 km (Fig. 4-1). 

Site manipulation and experimental design 

The experiment was initiated in autumn 2004. A generalized randomized block 

design (sensu Neter et al. 1990) was used with three replicates of each treatment 

described below (Fig. 4-2). At each of the two sites a 1.4 m high fence was erected to 

exclude large herbivores (primarily roe deer). Within each enclosure, seed sowing 

and planting of adult transplants took place in six plots, of which three were cleared of 

above-ground vegetation to severely reduce or eliminate above-ground competition. 

Each plot was further subdivided into four subplots into which the four focal species 

were planted (i.e., each species into a separate subplot; Fig. 4-2). Treatment main 

plots were 2 × 2m, the species subplots, randomized within the main plots, were 0.5 × 

0.5m. The plots and subplots were permanently marked with plastic stakes. In 

treatment main plots, where above-ground competition from other herbaceous plants 

was eliminated, natural vegetation was removed by periodic hand weeding, beginning 

in April 2005 when experimental plants and seedlings first emerged. Large plants 

were clipped and small plants were pulled, resulting in minimal soil disturbance. In 

October 2004, adults of the four species (i.e. bulbs of S. bifolia and O. pyrenaicum 

and rhizomes of S. tuberosum and I. foetidissima) were planted in every subplot at a 

density of four plants per 0.5m².  
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Figure 4-1  Map of Western Europe showing the northern range edges of the four transplanted species: Sp. 1 Scilla bifolia; Sp. 2 Iris foetidissima; Sp. 3 

Symphytum tuberosum; Sp. 4 Ornithogalum pyrenaicum. The locations of the experimental sites are shown as black dots: A. Kastanjebos, Herent, Belgium; B. 

Langerodebos, Neerijse, Belgium. The range edges where compiled from Rameau et al. 1989, Van Rompaey & Delvosalle 1972, NBN Gateway and 

www.floraweb.de.  
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Figure 4-2  Experimental design with four treatments (adults with vegetation cover, adults without vegetation cover, seeds with vegetation cover; seeds without 

vegetation cover) and three replications. 
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No seeds of Symphytum tuberosum could be obtained. 
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At the same time, seeds were sown in the subplots with seeding densities of 

200 seeds per 0.5 * 0.5m² for S. bifolia and O. pyrenaicum, and 80 seeds per 0.5 * 

0.5m² for I. foetidissima. No seeds of S. tuberosum could be obtained, so this species 

was not seeded in the subplots.  

During the following three years, plot surveys were conducted at two to three 

week intervals from late February to late July. In total, there were eight census dates 

in 2005, nine census dates in 2006, and six census dates in 2007 (n = 23 surveys).  

For each adult plant, vegetative and reproductive traits, such as number of 

leaves, length of the longest leaf, plant height, length of the inflorescence and/or 

number of flowers, were recorded during each survey when possible (see Table 4-1). 

No seed characteristics could be measured for seeds produced in the plots, as all 

diaspores needed to be removed prior to seed maturation to avoid naturalization of 

the focal species outside the experimental plots. To accurately identify individual 

seedlings during repeated surveys, a subdivided square quadrat was used to 

determine seedlings’ coordinates within the subplot at first emergence and to relocate 

seedlings in subsequent surveys. Due to their small size, O. pyrenaicum seedlings 

were also marked with toothpicks, so as to aid in relocating individual seedlings. 

 

Table 4-1  Overview of the vegetative and generative variables used for the calculation of the “plant 

performance index” (PPI). Plant height, length of the longest leaf and length of the inflorescence were 

measured in centimeters. 
 plant 

height 
length of 
longest 
leaf 

number 
of leaves 

length of 
inflorescence 

number 
of flowers 

Ornithogalum pyrenaicum   X X  
Scilla bifolia  X    
Iris foetidissima  X  X X 
Symphytum tuberosum X  X  X 

 

Data analysis 

The following analyses were conducted: (1) a survival analysis of the adults 

and seedlings and (2) an analysis of the performance of the extant adults. Separate 

statistical analyses were performed for the different species.  

(1) For each species, Kaplan-Meier curves were constructed to estimate the 

survival function of the adults (see Cox & Oakes 1984). Log-rank test statistics were 

used to test whether the survival curves differed with respect to vegetation cover. 
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Since the survival of the O. pyrenaicum adults was 100 % both with and without 

vegetation cover, no Kaplan-Meier survival analyses were performed for this species. 

The analyses for the seedlings were comparable to those of the adults. But 

since no S. tuberosum seeds were sown and the seedling numbers of S. bifolia and I. 

foetidissima were very low, Kaplan-Meier survival analysis was performed only for O. 

pyrenaicum seedlings. 

(2) To assess adult performance, a ‘Plant Performance Index’ (PPI) sensu 

Verheyen & Hermy 2004 was developed as a response variable in a repeated 

measures General Linear Model (GLM) (O’Brien & Kaiser 1985). The PPI was 

constructed as follows: the maximum plant measures per year were standardized by 

dividing them through the maximum value for that particular species during the entire 

monitoring period. Then, all standardized values were summed and divided by the 

number of plant measures recorded for that particular species. This procedure 

resulted in a synthetic index of plant performance per year, taking into account both 

vegetative (e.g. number of leaves) and generative (e.g. number of flowers) plant 

characteristics. In the GLM model, site (forest) and vegetation cover were between-

subject effects, whereas time (year) was the within-subject effect. 

All data were analyzed using SPSS 14.0 statistical software. 

RESULTS 

Seed germination and seedling survival 

In general, seed germination for the three focal species which were seeded 

into the plots was relatively low.  The overall germination rate of O. pyrenaicum seeds 

was 36 % and there was a significant negative effect of vegetation cover on 

germination rates (Log-rank test: χ² = 118.425, P < 0.001). Specifically, in plots where 

the vegetation cover was removed, 47% of the seeds germinated, whereas 25% of 

the seeds germinated in the untreated plots. For I. foetidissima, only three seedlings 

emerged during the experiment (out of 960 seeds in total): two in a competition-free 

plot in Langerodebos and one in a competition-free plot in Kastanjebos. However, all 

three seedlings survived the entire subsequent monitoring period and eventually grew 

to a height of 36-43 cm with 6-7 leaves each. No seedlings of S. bifolia emerged in 

the seeded plots during the first year of the experiment; however, some seedlings did 
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appear in the third year of the experiment around adult plants that had flowered 

previously.  These observations led to concerns over the quality of S. bifolia seed 

initially obtained for the experiment (see Discussion). 

Survival of adult transplants 

The overall survival of the adult transplants was 54%, but differences between 

the four species were considerable. Adult survival of O. pyrenaicum was 100% (50 

km to range edge), while survival rates of the other species were 69% for I. 

foetidissima (200 km to range edge), 31% for S. bifolia (100 km to range edge), and 

17% for S. tuberosum (500 km to range edge; Table 4-2).  There was a significant 

negative effect of vegetation cover on the survival of the latter three species (Table 4-

2). For S. bifolia, I. foetidissima and S. tuberosum, adult transplant survival was 

significantly lower in the plots with vegetation cover intact as compared to those 

where the above-ground vegetation was eliminated by clipping and hand-weeding. 

For S. tuberosum, all adults in the treatment with vegetation cover died by the second 

year of the experiment (Fig. 4-3). 

Adults plant performance 

An overall and generally strong positive effect of time since planting on adult 

plant performance was found, except for S. tuberosum (Table 4-3). For S. bifolia and 

O. pyrenaicum there was also a significant negative interaction effect with vegetation 

cover, and for I. foetidissima and O. pyrenaicum performance at the two experimental 

sites was significantly different. 

The performance of O. pyrenaicum was strongly affected both by vegetation 

cover and site, but these factors did not interact significantly (Table 4-3). The 

performance of S. bifolia and I.foetidissima on the other hand was not affected by site 

or vegetation cover. Also for S. tuberosum, where the effect of vegetation cover could 

not be tested since all adults in the competition treatment died by the second year, no 

effect of site was apparent. 
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Figure 4-3  A. Kaplan-Meier survivorship curves for the adults of three transplanted species with vegetation cover (dashed lines) and without vegetation cover 

(solid lines). For the adults of Ornithogalum pyrenaicum, no survivorship curves were drawn since survival was 100 percent both with and without vegetation cover. 

B. Kaplan-Meier survivorship curves for the seedlings of Ornithogalum pyrenaicum with vegetation cover (dashed line) and without vegetation cover (solid line). 

For the other three species, no seedling survivorship curves could be drawn because seedling emergence was too low (see text). Crosses symbolize censored 

cases, i.e. adults or seedlings surviving until the end of the monitoring period. 
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Table 4-2  Kaplan-Meier survivorship table for the transplanted adults of the four focal species, with and without above-ground competition. The effect of vegetation 

cover was tested using a log-rank test. Significant results are indicated in bold. For Ornithogalum pyrenaicum, no test was performed since survival of the adults 

was 100 percent both with and without vegetation cover. 
 Distance to 

Range Edge 
Number of 
adults 

Number 
extinct 

Number 
surviving 

Percent surviving Log-rank statistic (P-value) 

Ornithogalum pyrenaicum 50 km 48 0 48 100 NA 
no competition  24 0 24 100  
competition  24 0 24 100  
       
Scilla bifolia 100 km 48 33 15 31.25 4.49 (0.034) 

no competition  24 14 10 41.67  
competition  24 19 5 20.83  
       
Iris foeridissima 200 km 48 15 33 68.75 4.40 (0.036) 

no competition  24 4 20 83.33  
competition  24 11 13 54.17  
       
Symphytum tuberosum 500 km 48 40 8 16.67 15.16 (<0.001) 

no competition  24 16 8 33.33  
competition  24 24 0 0  
       

Overall  192 88 104 54.17  
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Table 4-3  Effects of site, vegetation cover and time on the adult performance of the four transplanted species measured by means of the PPI (see text). Significant 

effects are indicated in bold. 

 

 Ornithogalum pyrenaicum Scilla bifolia Iris foetidi ssima Symphytum tuberosum 

Source of variation F-statistic P-value1 F-statistic P-value F-statistic P-value F-statistic P-value 

Between subjects         

Vegetation cover 20.530 <0.001 1.453 0.256 1.297 0.264 ( )2 ( ) 

Site 22.526 <0.001 0.045 0.836 4.100 0.052 0.971 0.370 

Vegetation cover x Site 0.925 0.341 ( ) ( ) 0.706 0.408 ( ) ( ) 

         

Within subjects         

Time 61.525 <0.001 107.713 <0.001 45.295 <0.001 2.038 0.245 

Time * Vegetation cover 6.043 0.005 4.726 0.040 0.570 0.572 ( ) ( ) 

Time * Site 5.424 0.008 2.142 0.173 4.829 0.016 2.214 0.225 

Time * Vegetation cover * Site 0.707 0.499 ( ) ( ) 4.318 0.023 ( ) ( ) 

 
1 The multivariate tests are based on Pillai’s test statistic. 
2 Not enough degrees of freedom to perform this test.



Chapter 4 

68 

For O. pyrenaicum and S. bifolia, the adult performance showed a relatively 

stable trend over time, with yearly flowering and vegetative traits that were generally 

constant (Fig. 4-4). In contrast, S. tuberosum adults only flowered in the first year of 

the experiment, and then showed a decline in vegetative traits such as plant height 

over the following years. In the case of I. foetidissima, some vegetative traits such as 

leaf length remained more or less stable, while others such as number of leaves 

significantly increased. Furthermore, this species began to flower in the last year of 

the monitoring period. 

DISCUSSION 

Our findings of appreciable survival and growth of transplanted adults for three 

out of four forest herb species over a three year period outside their natural 

geographic range suggests that the ranges of these plant species may be controlled 

in part by dispersal limitation, and thus historical processes or constraints. However, 

the limited success of establishment from seed in two of the three species 

investigated also highlights the clear potential for establishment limitation to be an 

important factor in this system, likely compounding the substantial challenge of new 

population establishment via rare long-distance seed dispersal events involving small 

numbers of diaspores. In addition, the considerable differences evident in survival 

and performance among the four species, and the apparent negative relationship 

between these measures and transplantation distance beyond the species’ current 

northern range edges suggests an important role for climate in determining species 

distributions at the continental scale. In the following sections we will consider, in turn, 

the key results for each focal species, the potential implications of these findings for 

understanding the historical range dynamics of Western European forest plants, and, 

finally, what insights to conservation planning might be drawn from experimental 

studies of this nature. 
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Figure 4-4  Plant Performance Index (PPI) of the adults of the four transplanted species during the three years of the monitoring period. Full circles symbolize plots 

with vegetation cover, open circles symbolize plots without vegetation cover. Error bars represent 95 % confidence intervals on the means. 
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Focal species performance 

Ornithogalum pyrenaicum, the focal species with its northern range edge 

closest to the experimental sites (~50km), exhibited the highest adult survival (100%) 

over the three years of the study, and also showed substantial seedling emergence 

and survival. Although there was a significant negative effect of above-ground 

competition on adults and seedlings, this species appears to be capable of 

establishing and growing into a viable population several tens of kilometers north of 

its current range edge when dispersal constraints are eliminated through 

experimental introduction of adults and seeds. This conclusion is reinforced by the 

existence of some small, but viable, naturalized populations of O. pyrenaicum in 

northern Belgium (distance to the northern range edge ~100 km; Adriaens et al. 

2000) and Germany (distance to the closest range edge ~few 100’s of km; Mennicke 

et al. 1987) that have apparently been introduced unintentionally in recent decades 

on logging machinery (Adriaens et al. 2000). The strong effect of year on the 

performance of the O. pyrenaicum adults, as well as for S. bifolia and I. foetidissima, 

could be explained by the large weather differences seen between the years of the 

experiment, especially during the winter and early spring. In 2006, cold winter 

temperatures lasted until March – April making this the coldest winter in more than 

ten years (www.kmi.be), while the winter of 2006-2007 was mild with high 

temperatures from early spring onwards (classified as “abnormally high” by the 

national weather services, www.kmi.be). The cold spring of 2006 most clearly 

affected the O. pyrenaicum adults: while the leaves wilted before flowering in all three 

years of the monitoring period (as they also sometimes do within their natural range), 

in 2006 most inflorescences also wilted about 1-2 weeks before they would have 

initiated flowering. This pattern raises important questions regarding whether or not 

the species could survive a series of cold winters, and yet the long-term survival of 

the naturalized populations in northern Belgium and Germany (Mennicke et al. 1987, 

Adriaens et al. 2000) suggest that the species can tolerate such unfavorable periods. 

Moreover, extremely cold winters are becoming more and more rare due to recent 

trends in regional and global climate apparently associated with anthropogenic 

causes (IPCC 2007).  

For S. bifolia, the focal species moved ~100km beyond its northern range 

edge, no effect of vegetation cover on the performance of adults was observed, 
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probably because these spring ephemerals flower before most other, summer-green 

plants have fully emerged above-ground. While there was a moderate survival of the 

adults (31%), no seedlings emerged in the experimental plots. We think this should 

be mainly attributed to poor seed quality (probably due to drying out of the seeds prior 

to their purchase for this experiment), because several seedlings were observed from 

the third year of the experiment in the adult plant plots, around adults that had 

flowered the year before and where diaspores were apparently incompletely 

removed. Overall, for S. bifolia it is unclear whether the species would survive at the 

experimental sites in the long term, since a downward trend in adult survival and 

performance was apparent and our results for seedlings are probably unreliable due 

to compromised initial seed quality.  

For I. foetidissima, the focal species moved ~200km beyond its northern range 

edge, the survival of the adults was relatively high (69 %), and would probably have 

been even higher without the serious impact of slug herbivory that the plants suffered 

during the experiment. In contrast to the relatively high adult survival seen for this 

species, seedling emergence was very low, with only three individuals occurring in 

two vegetation-free subplots. Nevertheless, the three I. foetidissima seedlings that did 

emerge survived for the entire monitoring period and these individuals grew to be 

sub-adults by the last year of the experiment. This observation, combined with the 

consistent survival during the last years of the experiment (Fig. 4-3) and trends 

toward increasing performance of the adults, provides for some expectation that this 

species might be capable of surviving and reproducing in the long-term up to ~200km 

beyond its current northern range edge.  

In contrast to the generally good survival and growth of adults for the 

previously discussed focal species, S. tuberosum exhibited no signs of success at the 

experimental sites ~500 km north of its natural range edge. Adults in the plots with 

natural vegetation cover died within two years of the initiation of this experiment; 

similarly, adults in the competition-free plots also showed a steep declining trend 

which suggests that these individuals would be unlikely to survive beyond another 1-3 

years after the end of the experiment (Fig. 4-4). The flowering of some adult S. 

tuberosum plants during the first year of the experiment is probably not a reflection of 

the environment at the experimental sites, but rather the environment of their source 

population in the previous year (see e.g. Geber et al. 1997). The poor performance of 

this species, even when all above-ground competition was removed, strongly 
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suggests that the occurrence of this sub-Mediterranean species is ultimately 

controlled by climate at a distance of ~500km north of its northern range edge. 

The effect of the biotic community 

When the Kaplan-Meier and PPI analyses are considered together, a 

remarkable and somewhat unexpected result is apparent: while above-ground 

competition clearly affected the survival of all species except O. pyrenaicum, the 

opposite trend appears in the performance analysis. Only the performance of the O. 

pyrenaicum adults was significantly decreased by competition, while the effect of 

vegetation cover on both S. bifolia and I. foetidissima was very limited. This seems to 

suggest for the latter two species that the success of the initial establishment stage 

was largely determined by competition, but adults that survived this initial bottleneck 

had a good chance to survive in the long term, potentially by a selection of the 

stronger individuals that could cope with competitive native species. Moreover, there 

might be an effect of their respective life strategies. S. bifolia escapes from most 

above-ground interspecific competition via its spring ephemeral stragegy, growing 

and photosynthesizing at a time when few other forest herbs in this community are 

photosynthetically active. Likewise, I. foetidissima might profit from being an 

evergreen species that can accomplish photosynthesis and carbon gain during much 

of the year, whenever temperatures permit. Taken together, the trends seen for S. 

bifolia and I. foetidissima might suggest that these species success traces in part to 

their exploitation of underutilized niches in these forest plant communities, a 

mechanism proposed to underlie some modern species invasions (Von Holle & 

Simberloff 2004, Strauss et al. 2006).  In the O. pyrenaicum adults, relatively weaker 

individuals are not out-competed in the establishment phase, but show a lower 

performance compared to those in competition-free plots. However, given the 

relatively low number of transplanted individuals, probabilistic factors and chance 

differences in e.g. initial root mass, transplantation shock, and small-scale soil 

variation cannot be excluded from this interpretation. 

Another important biotic factor that had a serious impact on adult plant 

performance was slug herbivory. This primarily impacted the evergreen leaves of I. 

foetidissima, but in the last year of the experiment this species’ inflorescences were 

also damaged, primarily by slugs of the genus Arion (A. ater and A. rufus). This effect 

of herbivores, and potentially other pests and pathogens, are expected to show a 
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large between-species variation and may be of crucial importance in the successful 

establishment of plant species outside their natural ranges (see e.g. Buschmann et al. 

2006). 

Insights to the Relative Equilibrium vs. Non-equili brium of European Forest 
Herb Ranges 

Our experiment suggests that dispersal limitation may play an important role 

in determining the geographical distribution of three out of the four focal species 

investigated.  For these three species, S. bifolia, I. foetidissima, and O. pyrenaicum, 

current northern range edges do not appear to reflect absolute climatic boundaries (at 

least during the time period considered, 2004-2007), suggesting that a lack of 

propagules, rather than unsuitable abiotic conditions, may result in the absence of 

these species from forests in the study area in Belgium.  This conclusion is modified 

by the observation that establishment from seed in two of these three species was 

limited, highlighting the compounding effects of dispersal and establishment limitation 

on the possibility of successful colonization of new habitat patches at a distance from 

seed sources.  In the case of the fourth species investigated, S. tuberosum, which 

was transplanted ~500km beyond its current northern range edge and performed 

poorly, climate (or other environmental factors) are strongly suggested as a limiting 

factor at this distance; however, our experimental design does not permit assessment 

of potential non-equilibrium in areas < 500 km from the northern range edge (i.e., 

within the range observed for the other 3 species).   

The results of this study suggest that the relative importance of dispersal 

limitation, as opposed to climate, in determining species presence appears to decline 

with distance from range edge for the four focal species along this latitudinal gradient 

in Western Europe (i.e., climate becomes a more important limit with distance).  

Clearly, this pattern needs to be interpreted with caution given the very limited sample 

size of the present study (i.e., n = 4 species) for assessing the relationship between 

distance from range edge and survival/performance. Furthermore, as the (genetic) 

origin of our material was not exactly known, and some of the ranges are overlapping, 

it is not sure if the origin of the material follows the same gradient as the northern 

range edges. However, our results for S. tuberosum, which was transplanted the 

greatest distance beyond its range edge (~500 km) and performed the worst, and O. 
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pyrenaicum, which was transplanted the shortest distance beyond its range edge 

(~50 km) and performed the best of the four focal species are striking.   

The suggestion that the relative importance of dispersal limitation in 

determining species presence / absence may decline with distance from range edge 

may initially appear highly counterintuitive. One would expect that with increasing 

distance from seed sources the likelihood of seed arriving at a site would seem to 

decline strongly (i.e., increasingly become a limiting factor).  However, for many 

species, the likelihood of seeds arriving at an unoccupied site outside the range may 

drop to nearly zero quite rapidly (e.g., possibly within a few km or 10s of km of the 

range edge) and remain improbably low for a considerable distance (i.e., the “fat” tail 

of Clark’s (1998) probability distribution). In other words, the importance of seed 

dispersal limitation may peak early and then remain approximately constant (i.e., at 

an extremely low probability of seed arrival anywhere in an unoccupied region).  In 

contrast, climate is likely to change, hence become more important, in a more linear 

fashion with distance from range edges.   

Our findings are generally consistent with previous studies that have found 

evidence for dispersal limitation of some forest herbs on a European-wide scale 

(Honnay et al. 2002, Skov & Svenning 2004, Van der Veken et al. 2007a).  However, 

this study provides one of the first, rigorous experimental tests of this hypothesized 

phenomena, as previous studies have primarily inferred non-equilibrium in species 

ranges via correlational analyses (Van der Veken et al. 2007a) and climatic envelope 

modeling (Skov & Svenning 2004, Svenning & Skov 2004). At the same time, the 

results of this study also provide strong empirical support for the circumstantial and 

anecdotal evidence of large-scale dispersal limitation that comes from human 

introductions of plant species far beyond their natural range edges in Europe, e.g. in 

gardens (see e.g. Walther et al. 2005, 2007, Van der Veken et al. 2008). Although 

sometimes leading to naturalization, i.e. populations that establish in semi-natural 

environments and are self-maintaining for several years, our results show there is a 

difference between a garden environment and the natural habitat of the species, 

especially due to the effect of competition from natural vegetation. All four focal 

species are available as garden plants in nurseries in the vicinity of the study area in 

Belgium, and in nurseries in countries even further north.  Indeed, this is generally the 

case for many European native plant species, with nearly ¾ of native species offered 
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in nurseries being available ~1000km north of the current range edge on average 

(see Chapter 6).  

 

Caveats and Future Directions 

There are some important caveats to be considered with short-term 

experiments. These are extensively discussed in Chapter 5 (p. 80 - 81). However, a 

few specific points concerning this experiment are mentioned here. 

A first important issue is the short time period of the experiment (3 - 4 years). 

This period is too short to formulate strong conclusions, in particular because 

variation in weather conditions is important when considering climate determined 

range borders. Adult individuals of forest plant species may be able to survive 

unfavorable or suboptimal conditions for many years (the so-called extinction debt, 

see Box 7-1). Extreme events, like long, cold frost periods may be crucial for long-

term survival of the species. Furthermore, the trend of declining presence with 

distance to the northern range edge needs to be interpreted with caution. Since our 

two experimental sites are close together, they do not represent different distances to 

the range edge for the different species. It would be ideal to perform the same 

experiment along a transect with different distances from the range border for each 

species (apart from practical and logistic problems, as we experienced trying to set up 

such experiments). 

A final important caveat to the present study is our limited ability to place the 

study’s results in a genetic context. Specifically, it is expected that many plant species 

may exhibit geographically-structured genetic variation that may have important 

consequences for the level of adaptation individuals exhibit to the local or regional 

abiotic or biotic environment (i.e., ecotypic variation). In particular, if species have 

evolved local adaptation to climatic conditions across their natural ranges (Davis and 

Shaw 2001), the potential for establishment and spread during episodes of climate 

change may depend, in part, on whether diaspores reaching sites outside the present 

range originate from areas with similar climatic conditions. In the case of Temperate 

Forest plant species in Europe, northward migration and colonization during the 

Holocene is expected to have been driven in large part by diaspores and colonists 

from the northern, “leading edge” of plant species ranges (Hewitt 2000).  

Unfortunately, in the present study, we do not know if the genotypes represented by 
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the experimental plant material originated from the northern part of the focal species 

natural ranges because the plants and seeds used in this study were purchased from 

commercial nurseries that did not have information on the location of original sources.  

Consequently, our results may conceivably underestimate the success potential of 

transplants if the seeds and plants used were from more southerly ecotypes.  Ideally, 

future experimental studies of this nature should make use of ecotypes originating 

from different parts of a species natural range, and include reciprocal transplantation 

at different locations along a latitudinal gradient through the species range and 

beyond. 

Conservation Implications: Assisted Migration? 

Finally, the results of this study may provide important insights to the feasibility 

of “assisted migration” and the potential for the success of plant species introductions 

for conservation purposes beyond current northern range boundaries in Europe.  

First, given the results of the present experiment, and the nature of distribution 

patterns detected by prior biogeographical analyses of the Western European flora 

(Skov & Svenning 2004; Svenning & Skov 2004; Svenning & Skov 2007; Van der 

Veken et al. 2007a), it seems apparent that the ranges of many European temperate 

forest plant species may not occupy the full extent of potentially suitable habitat in 

Europe, especially in northern and western regions that are distant from putative 

Pleistocene-era refugia along the Mediterranean (Petit et al. 2003).  If the ranges of 

such plant species are not in equilibrium with contemporary climate due to time lags 

in range expansion during the post-glacial Holocene period, it seems highly unlikely 

that these species will closely track the rapid climate changes projected for the 

coming century and beyond (Pearson 2006; Van der Veken et al. 2007a).  Taken 

together, these observations and inferences suggest that: 1) Many plant species 

could successfully be moved considerable distances north of their present range 

limits, and 2) That many of these species would be unlikely to accomplish such a 

northward range shift on the timescales necessary without human assistance, 

particularly those plant species with limited seed production and/or limited seed 

dispersal ability (Van der Veken et al. 2007a).  The determination of whether or not 

such assisted migration would be justified may require strong evidence of decline or 

extinction in more southerly population sites (i.e. evidence of imminent threat).  

Clearly, significant ethical and philosophical issues are raised by the prospect of 
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intentional human intervention via “assisted migration”, and such exceptional 

conservation action should not be undertaken without thorough consideration of 

potential ecological consequences in recipient communities.  Nevertheless, given the 

apparent non-equilibrium status of many European forest plant species ranges, 

unintentional and unplanned introduction and naturalization of species beyond their 

current range boundaries will likely continue to occur via the horticultural industry, 

forestry operations, and other sources without conservation oversight.  This situation 

argues for a more coordinated and scientifically-based consideration of the feasibility 

and desirability of assisted migration in the near future.  

Conclusions 

Our results show clear evidence of large-scale dispersal limitation for at least 

some of Europe’s native forest flora, indicating substantial non-equilibrium with 

climate for three of the four species investigated. Performance at the experimental 

site in Belgium seemed to be partially, and negatively, associated with distance from 

focal species current northern range edges, we also see evidence of climate 

operating as an ultimate limit on the potential distribution of species, but not in clear 

association with the actual position of current range boundaries. This observation 

may be of crucial importance in predicting the effects of anthropogenically-driven 

climate change on biodiversity in the future. If species have been limited in their ability 

to track post-glacial Holocene climate during the past 10.000 years, it is unlikely that 

their geographic distributions will shift rapidly to respond to projected climate shifts in 

the near future. This raises important questions on whether or not conservationists 

should consider “assisted migration” for slowly-migrating plant species.  The present 

study suggests that successful establishment of such species beyond their current 

range boundaries, within limits (e.g., 10’s – few 100’s of km), might be anticipated. 

 

 



 

 

 

 

 

 

 
 

 
 
Detail of the study species Hyacinthoides non-scripta (upper part) and one of the transplanted populations in 
Bois de la Vecquée after 45 years (lower part). Photos: Bas Van der Veken 
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Over the Edge: a 45-year Transplant 

Experiment with the Perennial Forest Herb 

Hyacinthoides non-scripta  L. 

ABSTRACT  

Most experimental populations of perennial forest herbs have been monitored for only a few years 

and thus only apply to germination and early seedling survival. Moreover, there is a lack of long-

term, quantitative data on the rates of spread of populations. We report the results of a cross-

range-edge transplant experiment established in 1960 with the perennial forest herb Hyacinthoides 

non-scripta. We evaluated determinants of survival / extinction, performance and migration 

distances and patterns of 27 transplanted populations after a period of 45 growing seasons. Of 27 

experimental populations of Hyacinthoides non-scripta implanted in 1960, 11 (41%) were still found 

in 2005 - 2006. Population survival was independent of soil type and changes in the vegetation 

layer. In contrast, physical disturbance of the soil and major changes in the tree layer as a result of 

forest management were the main determinants of population extinction. Current population 

surface areas ranged from 0.23 to 26.23 m². Plant height, leaf length, number of flowers and seed 

size were generally lower in the introduced populations than in the source populations. However, 

densities and proportions of non-flowering adults were higher, especially in the larger populations. 

This suggests that these populations are still expanding with more but younger and smaller 

individuals. Observed migration rates were very low, ranging from 0.006my-1 to 0.06my-1. 

Migration occurred by the establishment of isolated individuals, which were later absorbed by the 

advancing wave of the main population. The spread projected for the largest population in the next 

45 years is only 14m for the main population front and 42m for the furthest individual. Our results 

may be representative of population spread for slow-dispersing forest plant species after 

occasional long-distance dispersal events across a range edge. However, the slow rates of spread 

indicate that - even if such events occur - it can take a very long time to establish viable population 

sizes. 

Adapted from: Van der Veken S., Rogister J., Verheyen K., Hermy M. & Nathan R. 2007 – Journal of 

Ecology, 95, 343-351 
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INTRODUCTION 

The distribution of plant species depends on the availability of suitable 

habitats, the capacity of plants to disperse to these habitats, and the capacity to 

establish and persist (Ehrlén & Eriksson 2000; Gaston 2003). When a species is 

unable to disperse to a suitable habitat, and thus will not occupy all suitable habitat 

patches at a given time, it is dispersal-limited (Primack & Miao 1992; Eriksson 1998). 

Introductions of diaspores, seedlings or adults are direct ways to identify dispersal 

limitation in unoccupied habitat patches, and several recent experimental studies 

have shown that distributions of many plant species are indeed dispersal-limited on 

both local (e.g. Turnbull et al. 2000, Gustafsson et al. 2002, Verheyen & Hermy 2004) 

and larger geographical scales (Primack & Miao 1992; Ehrlén & Eriksson 1996; 

Eriksson 1998). However, even when studying perennial plants, most dispersal 

limitation experiments have only been monitored for a few years and thus often only 

record germination and early seedling survival (see Chapter 4). Nevertheless, several 

studies have stressed the importance of establishment conditions compared to 

germination (Turnbull et al. 2000; Graae et al. 2004). Recruitment studies performed 

during too short a time period may overestimate patch suitability because populations 

may not be able to persist several years after introduction (Ehrlén & Eriksson 2000). 

Ehrlén & Eriksson (2000) demonstrated in a seed sowing experiment with seven 

forest plant species in Sweden that seedlings did not survive for three years in almost 

half of the patches where they had emerged in the first year. They found similar 

results in an 11-year experiment with six perennial forest plants, where a large 

proportion of seedlings disappeared between the fourth and eleventh year (Ehrlén et 

al. 2006). Gustaffson et al. (2002), who monitored a perennial forest herb transplant 

experiment for seven years, showed that the importance of local abiotic factors was 

only expressed several years after transplantation. Graae et al. (2004) sowed eight 

forest plant species in both ancient and recent forests and for all species, correlations 

with soil factors were stronger in the establishment stage compared to the recruitment 

stage. It was suggested that recording of transplant data should be extended from 

one or two years to longer periods in order to have better estimates of true dispersal 

and recruitment limitation in perennial plants (Turnbull et al. 2000; Gustaffson et al. 

2002, Graae et al. 2004, Ehrlén et al. 2006).  
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Another disadvantage of short-term experiments is the lack of quantitative 

data on the rates of spread of the transplanted populations. To date, very few studies 

have quantified migration rates of perennial woodland herbs, and most of these have 

studied invasion into newly-established forests next to ancient forests (Matlack 1994; 

Brunet & Von Oheimb 1998; Bossuyt et al. 1999; Honnay et al. 1999; Verheyen & 

Hermy 2001; Dzwonko 2001). Primack & Miao (1992) and Heinken (2004) have 

studied annual species experimentally for several generations but it is not known 

whether the results they obtained are relevant for perennial plants. Petersen & Philipp 

(2001) transplanted 37 woodland herbs, most of which were perennials, into a 

recently established forest stand and monitored species survival and spread for 10 

years. Most species performed badly or even disappeared within 6.5 years.  

In this study, we report the results of a transplant experiment established in 

1960 to implant experimental populations of Hyacinthoides non-scripta into a forest 

situated outside its current range. After rediscovering detailed field notes of this 

experiment, the forest was revisited to evaluate the performance of the transplanted 

populations after 45 growing seasons, and to compare the performance of H. non-

scripta in these transplanted populations and in the three source populations. We 

adopted a methodology proposed by Caughley et al. (1988) (and reviewed by 

Hoffmann & Blows 1994) which involves measuring three characteristics of both 

source and introduced populations: the rate of increase, density within populations 

and the performance of the individuals. Further, migration distances and patterns 

were quantified. More specifically, the following questions were addressed (cf. Ehrlén 

& Eriksson 2000): (1) Is the regional distribution of Hyacinthoides non-scripta limited 

by dispersal? (2) Can sites with extant populations be distinguished from those with 

extinct populations by habitat characteristics such as soil chemistry, vegetation 

composition or forest management? (3) How do the introduced populations perform in 

comparison with the source populations? (4) Which colonization rates and patterns 

are found in the spreading populations? Since the studied populations were implanted 

just outside the current range of the species, our results may be representative of 

establishing and spreading plant populations after occasional long-distance dispersal 

events across a range edge. In the current context of climate changes and habitat 

fragmentation, this might be the only way species can expand their ranges in the 

future (Cain et al. 1998; Honnay et al. 2002; Nathan 2006). 
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Table 5-1  Statistics of the extant Hyacinthoides non-scripta populations and the source populations. Variables shown are population code (according to Rogister’s 

code), the number of implanted bulbs in 1960, the current population size, proportion of flowering individuals, population density and area. For two heavily 

disturbed populations, 298 and 382, area and density are not relevant. 

 

Code 
 

Number of implanted 
bulbs* 

Number of 
individuals  

Proportion 
flowering/total 

Density (m -2) Area (m²) 

      
305 10 38 0.71 165 0.23 
184A 7 49 0.84 210 0.29 
190 7 101 0.61 144 0.7 
215 7 132 0.80 105 1.56 
298 10 20 0.83 NA NA 
308a  7 or 10  2235 0.31 317 7.05 
308b 7 or 10 436 0.36 248 1.76 
308c 7 or 10 218 0.53 168 1.3 
23 7 or 10 6453 0.33 246 26.23 
382 7 or 10 6 1.00 NA NA 
390 7 or 10 1509 0.31 280 5.39 
      
Source 
populations 

     

      
F17 NA NA 0.53 188 NA 
F72 NA NA 0.46 196 NA 
F84 NA NA 0.74 76 NA 

 

Legend *:  when not exactly known (7 or 10), we assumed 10 for further analyses 
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METHODS 

The study was performed near the city of Liège in Belgium, ~80 km east-

southeast of Brussels, in the Vecquée forest, an ancient public forest that spans an 

area of 730 hectares (Fig. 5-1). Height above sea level is approximately 270m and 

local topography is determined by small rivulets crossing the forest. The soils are 

sandy to loamy and generally well-drained. The tree layer consists of a mixture of 

deciduous species, mainly consisting of Quercus robur, Q. petraea and Fagus 

sylvatica, and a ground layer with diverse herbaceous vegetation (main spp.: 

Pteridium aquilinum, Athyrium filix-femina, Millium effusum, Luzula luzuloides).  

 

Figure 5-1  Distribution of Hyacinthoides non-scripta (L.) Chouard ex Rothm. in Western Europe (compiled 

from Blackman & Rutter 1954; Knight 1964 and Roisin 1969). Inset 1: Location of the source populations 

(Florennes) and the implanted populations (La Vecquée). Inset 2: Detail of the study area with implanted 

populations as black dots. 
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Hyacinthoides non-scripta (L.) Chouard is a perennial forest herb confined to 

northwestern Europe i.e. the north and west of Spain and France, Belgium and the 

British Isles (Blackman & Rutter 1954, Roisin 1969; Fig. 5-1). It is characteristic of 

deciduous woodland on light, sandy-loamy soils and is generally absent from fully 

developed mor soils or heavy soils. It prefers a sandy to loamy soil texture and a well-

balanced water regime (Roisin 1969), avoiding compacted soils or stagnating water. 

The pH-optimum varies between 5.5 and 6.5. The greater part of the seasonal growth 

is completed before the light intensity falls to a minimum (Blackman & Rutter 1954). A 

new root system is produced annually and becomes infected by mycorrhiza very 

quickly after the roots emerge from the bulb (Daft et al. 1980; Merryweather & Fitter 

1995; Merryweather & Fitter 1996). Extension of the radical, linear leaves starts 

approximately the middle of March followed by the extension of the inflorescence a 

month later, the flowers unfolding in early May (Blackman & Rutter 1954). The fruit 

consists of an ovoid capsule of approximately 1.5 cm, with several black, globular 

seeds (ca. 2 mm) in each cell. Dispersal by seeds is the main recruitment 

mechanism, although clonal reproduction (by daughter bulbs) also occurs frequently 

(Blackman & Rutter 1954; Knight 1964). Salisbury (1942) reports an average seed 

weight of 5–6 mg, an average number of viable seeds per plant of 91 ± 4.0 and a 

production of ± 500 seeds / m² in a dense population in Great-Britain. The seeds fall 

from the capsule close to the plant in July. Knight (1964) reports an average 

recruitment distance of 40 cm and a maximum distance of 81 cm, based on seedling 

occurrence at the margin of a number of dense but isolated populations with clearly 

defined margins. The seeds germinate in autumn when temperatures drop below 

11°C (Thompson & Cox 1978). Before the next spring,  almost all viable seeds 

germinate, so no persistent seed bank develops (Thompson et al. 1997). Plants 

flower for the first time around the fifth year (Woodhead 1904). In contrast to picking 

of the inflorescence (Peace & Gilmour 1949), mowing or grazing and trampling have 

been reported to have an adverse effect on both growth and on the storage of 

assimilates in the bulb (Blackman & Rutter 1954). 

Experimental setup in 1960 

Bulbs of Hyacinthoides non-scripta were transplanted from three source 

populations to 27 small groups of 7 to 10 individuals in the Vecquée forest in autumn 
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1960 (see Appendix 5-1). The source populations were situated in the Florennes 

forest, approximately 120 km to the west of the Vecquée forest inside the range of 

Hyacinthoides non-scripta (Fig. 5-1). The bulbs were planted at the same depth as 

they were collected. Both source and introduced populations were numbered and 

marked on a topographic map (scale 1/10.000) for future resurveying, and soil type, 

canopy layer and description of the herb layer in the next spring using the Braun-

Blanquet method, were all noted. Plot sizes for vegetation description were 10 * 10 m 

with the newly introduced bulbs situated in the centre of the plot. 

Resurvey of the populations in 2005-2006 

At all locations (including the source populations), pooled samples of 20 soil 

cores, 1.5 cm in diameter and 15 cm deep, were collected and analyzed for pH, 

phosphate, magnesium, calcium, potassium, sodium concentrations, and carbon 

content. Canopy layer and field layer were described, the latter using the same 

Braun-Blanquet method as Rogister in 1960. An ordinal five-class forest management 

variable was constructed and assigned to each of the locations (based on information 

of the National Forest Service and by best professional judgment) to account for 

changes in composition and structure of the tree layer between 1960 and 2005: 1) no 

changes; 2) changes only in the shrub layer; 3) changes in secondary tree species; 4) 

changes in dominant tree species; and 5) clear cut and eventually reforestation. In an 

analogous way, an ordinal soil disturbance variable, describing visual signs of 

disturbance (e.g. trampling by wild boar, logging trails) with five classes: 1) 

undisturbed; 2) moderate disturbance in small part of plot; 3) moderate disturbance in 

large part of plot; 4) severe disturbance in small part of plot; and 5) severe 

disturbance in large part of plot, was constructed.  

All 27 locations where the bulbs had been introduced were labeled ‘occupied’ 

or ‘unoccupied’, based on different visits in spring 2005 and 2006. Since the 11 

populations that were relocated could be located with reasonable precision (+/- 3m) 

using the original maps and GPS, we assumed that all populations that could not be 

relocated had become extinct. For small populations, all individuals were mapped and 

digitized using GIS software (ESRI 2001). For large populations, the edges of all 

uniform patches were mapped, and the population density was estimated in randomly 

chosen 0.5*0.5m² samples. Only isolated individuals were mapped individually, in an 

attempt not to damage the populations. Isolated individuals were searched by walking 
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in a spiral manner around the populations up to a distance of 50m. Since the species 

is very distinctive (fresh, green leaves and purple inflorescences at a time when there 

is almost no other vegetation) the chance of missing isolated individuals was very 

low. 

Population density (m-²) and proportion of flowering individuals were 

measured in randomly selected 0.5*0.5m² plots.  Population size (i.e. the number of 

individuals) was calculated by multiplying the estimated population density and the 

calculated area of the same population (m²). The mean migration distance of the 

population was calculated both as the mean distance from the population mass 

centre to the edge of the main, dense population in 18 directional sectors (i.e. every 

20°) and as the mean distance from the population m ass centre to the furthest 

individual, in the same 18 directional sectors (cf. Heinken 2004). It was thus assumed 

that population expansion started from the mass centre of the population.  

The performance of the individuals in both source and introduced populations 

was investigated by measuring vegetative and reproductive plant traits: length of the 

longest leaf (cm), plant (inflorescence) height (cm), number of flowers per plant and 

mean seed weight (mg). The first three variables were measured at flowering time 

(early May) in 10 randomly chosen flowering plants per population (or the maximum 

number of flowering individuals if there were less than 10), the last at seed ripening 

(early July). At least 30 seeds per population were collected and weighed in the 

laboratory. 

Data analysis 

The soil characteristics matrix was ordinated using Principal Component 

Analysis (PCA) and ordination scores for both extinct and extant populations were 

tested for differences using Mann-Whitney test statistics. The vegetation matrix, 

containing both the vegetation descriptions from 1960 and 2005 for all 27 locations in 

the Vecquée forest and the three source populations in the Florennes forest, was 

ordinated using Non-metric Multidimensional Scaling (NMS) (see Clarke (1993)). 

Before running the NMS, the Braun-Blanquet classes were converted into a rank 

order scale as proposed by van der Maarel (1979), and species occurring in fewer 

than three samples were excluded. Distances between the 1960 and 2005 

descriptions (for the same population) in the ordination diagram were measured by 

simple Euclidean distance and related to survival / extinction. Mann-Whitney U tests 
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(Siegel & Castellan 1998) were used to examine associations between the 

disturbance and forest management variables and survival / extinction of the 

implanted populations. Differences in performance between the source and implanted 

populations were analyzed by independent-samples t-tests (with 95% confidence 

interval).  

A two-parameter Weibull probability density function (pdf) was calculated for 

both the migration distances based on the population front and the furthest 

individuals. The pdf formula is given by: 
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where α is a shape parameter and β a scale parameter.  

 

This function was used: (i) to describe and compare the migration distances 

based on the major population front and the furthest individuals: and (ii) to calculate 

the expected spread rates for the next 45 years. The Weibull pdf was fitted based on 

162 distances for each dataset (main population front and furthest individuals), 

divided into 9 equal-distance categories. We used a standard bootstrap method 

(10,000 random samples, with replacements, of 162 distances) to estimate 95% 

confidence intervals for the fitted parameter values and the probability density 

function.   

RESULTS 

Of 27 introduced populations in 1960, 11 (41 %) still survived and were 

reproducing after 45 growing seasons, and 16 (59 %) had become extinct. In the PCA 

of the soil characteristics, the first axis explained 45 % of the variation, the second 

axis 36 % (Fig. 5-2). Variation in the soil samples was principally determined by 

differences in soil productivity (PCA axis 1) and pH (PCA axis 2). However, there was 

no clustering of locations with either extinct or extant populations in the soil 

characteristics PCA diagram, clearly suggesting that soil properties (within the range 

of soils occurring in the study area) were not an important factor in the survival of the 

experimentally introduced populations (Fig. 5-2).  
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Figure 5-2  PCA diagram containing the ordinated soil samples of all studied locations. Soil samples taken from locations with extant populations are shown as 

black circles, samples from locations with extinct populations as open circles and soil samples from the three source populations as black diamonds. Outliers and 

source populations are labeled. 
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Figure 5-3  NMS diagram containing the ordinated vegetation relevés of all studied locations, both in 1960 and in 2005. Relevés taken from locations with extant 

populations are shown as black circles, relevés from locations with extinct populations as open circles and relevés from the three source populations as black 

diamonds. Two locations  had no 1960 relevés. The distances populations traveled in the NMS diagram between 1960 and 2005 are shown as arrows (from 1960 

to 2005). 
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Comparison of extinct and extant populations indicated forest management as 

a strong determinant of long-term population survival: stronger impact in the tree layer 

was associated with higher extinction probability (Mann-Whitney test, Z = -2.587, P = 

0.010). An even stronger effect was found for physical disturbance of the forest soil 

(Mann-Whitney test, Z = -3.029, P = 0.002). The two disturbance variables were 

strongly correlated (rs = 0.707, P < 0.001). 

Herb layer composition in the source populations of Hyacinthoides non-scripta 

differed in position from the vegetation composition at the locations of implantation 

(Fig. 5-3), but there was no relationship between survival probability and the locations 

of the 1960 relevés in the NMS diagram (Table 5-2). Significant correlations were 

found for both location and shift on the second axis, and total distance traveled in the 

NMS diagram (Table 5-2).  

 

Table 5-2  Mann-Whitney comparisons between extinct and extant populations. Tested variables are the 

locations of the soil samples in the soil PCA diagram, the locations of the 1960 and the 2005 vegetation 

relevés in the vegetation NMS diagram and the distance traveled in the vegetation NMS diagram from 1960 

to 2005, measured by Euclidean distance. 

 

         soil  1960 vegetation  2005 vegetation 
 Z = P =  Z = P =  Z = P = 
PCA axis 1 -0.736 0.462       
PCA axis 2 -1.019 0.308       
NMS axis 1    -0.567 0.571  -2.661 0.008 
NMS axis 2    -0.630 0.529  -0.623 0.533 
Shift in axis 1       -3.276 0.001 
Shift in axis 2       -1.323 0.186 
Total shift       -2.268 0.023 

 

The general performance of plants in the implanted populations was generally lower 

than that of plants in the populations from which they originated (Fig. 5-4): however, only 

the difference in number of flowers was significant (Mann-Whitney U-test; Z = -2.031, P 

= 0.042). 
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Figure 5-4  Differences in overall performance characteristics between implanted populations (black) and 

source populations (light grey). Bars represent overall mean ± standard error. 

 

Marginally significant trends were present for plant height (Z = -1.690, P = 

0.091) and seed weight (Z = -1.709, P = 0.087). Comparison of the performance of 

the individuals of source and implanted populations showed significant differences for 

all four traits in three out of five populations where the exact origin was known (Table 

3 and see Appendix 5-2). These results generally hold for the other populations 

(including the largest population, 23) when compared to all three possible source 

populations (data not presented). Densities and proportions of non-flowering 

individuals in the introduced populations were generally equal or higher than those in 

the source populations, especially in the largest introduced populations (Table 5-1).  

The mean radius ranged from 0.25m to 2.68m or radial spread rates from 

0.006 my-1 to 0.06 my-1.  

The two-parameter Weibull probability density function fitted the migration 

distances based on the main population front and the furthest individuals (R2 = 98.1 

and 99.7, respectively; Kolmogorov-Smirnov tests). The former was characterized by 

a shape parameter α = 1.11 (0.98-1.29 bootstrap 95% confidence intervals) and a  
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Figure 5-5  Summary of observed (columns) frequencies of migration distances and the corresponding fitted 

(lines) probabilities of a two-parameter Weibull probability density function, based on the main population 

front (upper) and the furthest individuals (lower). The case of the main population front is characterized by a 

higher shape parameter (resp. α = 1.11 vs. α = 0.88) and thus thinner tail, and by a lower scale parameter 

(resp. β = 0.98 vs. β = 1.47) and thus lower migration distances in comparison with the case of the furthest 

individuals. The 95% confidence intervals (dashed lines) were calculated by 10000 random bootstrap 

samples. 
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scale parameter β = 0.98 (0.86-1.13), while the latter was characterized by α = 0.88 

(0.72-1.02) and β = 1.47 (1.26-1.77). The resulting effective dispersal kernels – 

dispersal kernels incorporating both dispersal and establishment (Nathan et al. 2003) 

drop off rapidly with distance, especially for the distances of the main population front 

(Fig. 5-5). The principle statistics for the effective dispersal kernels of the main 

population front and the furthest individuals are, respectively: mean 5.86 and 13.93 

m, median 0.71 and 0.97 m, and standard deviation 2.88 m and 7.60 m. 

Discussion 

The experimental introduction of bluebell bulbs resulted in reproducing 

populations in 41% of the sites after 45 years. Habitat quality in terms of soil 

chemistry or vegetation composition did not affect the probability of long-term survival 

of the experimental populations. While similar results were obtained for Dentaria 

bulbifera, another perennial forest herb of deciduous forests (Gustafsson et al. 2002), 

these results do not seem to hold for many grassland species (Klinkhamer & de Jong 

1988; Barret & Silander 1992; Kiviniemi & Eriksson 1999). It has been suggested that 

this must be attributed to the less dense field layer vegetation cover in deciduous 

forests compared to grasslands (Gustaffson et al. 2002). However, although there is 

no clear cluster separation of extinct and extant populations in the soil characteristics 

PCA diagram, the subset of extant populations occupies a more restricted space than 

the whole set of introduced populations. This pattern is consistent with the notion that 

survival is possible only under a certain range of soil properties, but this by itself does 

not guarantee success. In contrast to the other local factors investigated, physical 

disturbance of the forest soil and forest management showed clear effects on long-

term population survival. Leaves develop from initials laid down in the previous year, 

and if they are destroyed, no more are produced that year. Consequently severe 

disturbances such as trampling by animals or humans, damage by tree-logging, 

mowing and grazing have very adverse effects on both growth and on the storage of 

assimilates in the bulb, an effect which is greater the earlier in the year the damage 

occurs (Peace & Gilmour 1949; Blackman & Rutter 1954).  
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Table 5-3  Summary statistics of performance characteristics and t-test comparisons between individuals of source and implanted populations. Notice that the 

origin of the bulbs was only exactly documented for five of the transplanted populations.  

 

 Source population  Implanted population  Sign. 
Variable code               n Mean SD  code                n Mean SD  P= 
          
Plant height (cm) 17               25 38.36 5.41  305                 5 30.40 3.80  0.004 
 72               25 33.48 6.33  184A              5 23.20 4.32  0.002 
 “ “ “  190                 5 27.60 3.44  0.055 
 “ “ “  215               10 32.60 5.60  0.704 
 84               25 35.76 4.95  298                5 29.00 4.80  0.009 
Length of longest leaf (cm) 17               25 28.08 4.23  305                5 23.20 3.03  0.021 
 72               25 27.84 5.45  184A             5 23.20 3.19  0.079 
 “ “ “  190                5 23.20 3.70  0.081 
 “ “ “  215              10 27.20 3.19  0.670a 
 84               25 29.28 4.40  298                5 27.80 3.70  0.489 
Number of flowers 17               25 6.92 2.64  305                5 3.80 0.45  0.001a 
 72               25 6.28 3.27  184A             5 6.20 1.64  0.958 
 “ “ “  190                5 3.60 1.14  0.004a 
 “ “ “  215              10 7.40 3.89  0.392 
 84               25 7.76 4.51  298                5 6.60 2.30  0.583 
Seed weight (mg) 72               30 4.63 0.98  190                7 3.47 0.89  0.007 
 “ “ “  215              30 2.98 0.60  0.001a 

 
a : t-test with equal variances not assumed; all others equal variances assumed 
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The apparently lower performance of the individuals in transplanted 

populations compared to their source populations could indicate decreasing site 

suitability, as we would expect outside the range of the species. However, densities of 

individuals and proportion of non-flowering individuals were generally equal or even 

higher in the introduced populations, especially in the largest populations, indicating 

that the carrying capacity – as a measure for habitat quality – does not seem to be 

inferior to that of the habitats supporting the source populations (Hofmann & Blows 

1994). These results suggest that the introduced populations are not at equilibrium 

yet, but in a phase of expansion containing more younger and thus smaller 

individuals. This is also in agreement with other performance variables: lower plant 

height, numbers of flowers and seed weight are probably due to younger population 

structure in the introduced populations, and not due to site unsuitability. This is also 

supported by the field observation of a decline in performance from the center to the 

edge in the largest populations. Moreover, most growth rates are positive (ranging 

from 0.99 to 1.13 based on the number of flowering individuals). Nevertheless, 

realized migration rates were extremely low, with those estimated for the main 

population front varying from <0.01 to only 0.06 m per year over a period of 45 years. 

To assess the potential for future spread of these populations, we combined 

data on fecundity (Salisbury 1942), population size and density (Table 5-1), and the 

effective dispersal kernels fitted to observed migration distances. Focusing on the 

largest population (code 23 in Table 5-1), we applied a two-step procedure to 

estimate the highest potential for spread in the next 45 years. In the first step, we 

calculated the total fecundity (number of viable seeds produced in 45 years) of this 

population as 8.8 million seeds over 45 years (= 6543 individuals · 0.33 fraction of 

fertile individuals · 91 seeds individual-1 year-1 · 45 years). Multiplying this fecundity 

by the Weibull cumulative density function with the corresponding shape and scale 

parameters revealed that the front of this population is expected to be located 11.91 

m from the current population front after another 45 years, while the furthest individual 

is expected to be located 34.31 m away. These calculations underestimate fecundity 

because they do not account for population growth during this period. Thus, in the 

second step we repeated the same calculations, but estimated fecundity of the 

expanding population from the population spread estimates in the first step, assuming 

symmetrical radial expansion of 11.91 m. The total fecundity calculated for this 

scenario is 229 million seeds in 45 years (= 246 individuals m-2 · 688 m² {=π 
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[(26.23/π)½ + 11.91]2} · 0.33 fraction of fertile individuals · 91 seeds individual-1 year-1 

· 45 years). Under this rather extreme scenario, the expected migration distances of 

the main population front and the furthest individual remain very limited - only 14.07 

and 42.35 m, respectively - after 45 more years.  

Other authors have estimated migration rates of Hyacinthoides non-scripta in 

populations situated more or less in the centre of its range. Rackham (1980) mentions 

colonization rates of ca. 100 m per century. Pigott (1982), however, records figures of 

6-10 m per century. Honnay et al. (1999) report an average colonization distance of 

32 m and a maximum of 55 m per century. The migration distances observed here, 

and also those estimated for the next 45 years, are thus situated on the lower end of 

the published range of estimates. Our results might be conservative, since 

colonization of the experimental populations was assumed to start from the mass 

centre of the current populations. However, as in the current study, 7 to 10 bulbs were 

planted and possible long-distance dispersal will probably consist of one to a few 

seeds. The initial phase of population establishment will be prolonged in natural 

colonization and will only occur if the dispersed seed(s) establish successfully. 

Colonization rates based on the furthest individual were typically twice as high 

as those based on the main population front. The shape of the calculated Weibull 

probability density functions shows a thinner tail for the migration distances based on 

the major population front (due to a higher shape parameter, resp. α = 1.11 vs. α = 

0.88), shorter (mean = 5.8 vs. 13.93 m) and less variable (std = 2.88 vs. 7.60 m) 

migration distances in comparison with the case of the furthest individuals (Fig. 5). As 

illustrated in our analysis of the expected rates of spread in the next 45 years, the 

colonization process is expected to be driven by establishment of isolated individuals, 

eventually developing to small satellite populations, which are later absorbed by the 

advancing front of the main population. 

Conclusions 

We can conclude that the regional distribution of Hyacinthoides non-scripta is 

dispersal-limited. Population survival appears to be independent of soil type (within 

the range of soils occurring in the study area) and changes in the composition of the 

herb layer. In contrast, physical disturbance of the soil and major changes in the tree 

layer by forest management are the main determinants of population extinction. Plant 

performance was generally lower in the introduced populations than in the source 
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populations, but densities and proportion of non-flowering plants were equal or 

higher, especially in the largest populations. This suggests that these populations are 

still in an expansion phase with more, but younger and smaller individuals. These 

long-term experimental data may be representative of population spread for slow-

dispersing (mainly ballistic, barochore or myrmecochore) forest plant species after 

occasional long-distance dispersal events e.g. by human introduction. However, the 

slow rates of spread indicate that - even if such events occur - it can take a very long 

time to establish viable population sizes. Nevertheless, long-term data on establishing 

and spreading plant populations remain very scarce. We therefore encourage other 

ecologists to record transplant experiments as long as possible for other forest 

species. 



 

 

 

 

 

 

 

 

 

 

 

 
Gardens, as this one in Linden (Flanders, Belgium) may play an important role as foci for northward 
expansion in response to climate change for several native plant species that have their natural northern 
range edge south of the garden. Photo: Martin Hermy 
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Jumping the Garden Fence…Garden Plants 

Get a Head Start on Climate Change 

ABSTRACT  

Conservation biologists are gravely concerned that climate change will cause 

widespread extinctions due to geographic shifts in habitat conditions that are too fast for many 

species to keep up given their limited capacities for migration.  To investigate the potential for 

commercial plant nurseries to provide a head start for northward range shifts of European 

plants in the face of ongoing climate change, we compared the natural ranges of 357 native 

species with their commercial ranges based on 246 plant nurseries throughout Europe.  In 

73% of native species, commercial northern range limits exceeded natural northern range 

limits, with a mean difference of ~1000 km for these species.  With estimates of migration 

rates of ~0.1-5 km per year required for geographic ranges to track climate change over the 

next century, we expect nurseries and gardens to provide a substantial head start on 

migration during climate change for many native plants.  While conservation biologists actively 

debate whether or not we should intentionally provide “assisted migration”, it is clear that we 

have already assisted the migration of a large number of species. 

Adapted from: Van der Veken S., Hermy M., Vellend M., Knapen A. & Verheyen K. 2008 – Frontiers 

in Ecology and the Environment, in press. 
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INTRODUCTION 

By the end of the 21st century anthropogenic climate change is projected to 

cause global temperatures to rise between 1.8 and 4.0oC (IPCC 2007a), and this is 

expected to increase the risk of extinction for 20-30% of plants and animals that have 

been examined to date, with profound consequences for global biodiversity (IPCC 

2007b; see also Thomas et al. 2004).  For any particular species, extinction risk will 

be elevated if suitable habitat conditions either disappear entirely (Williams et al. 

2007), or more likely, if suitable conditions shift faster than the species can migrate to 

keep up (Parmesan 2006).  This prospect has contributed to the debate on “assisted 

migration” – to what degree should we intervene to help species avert extinction by 

transporting them to where suitable conditions exist? (McLachlan et al. 2007). 

 

At the same time that climate change outpaces some species’ abilities to 

migrate, human-mediated exotic species introductions have allowed other species to 

migrate rapidly across the globe, in some cases causing tremendous ecological and 

economic harm (Sax et al. 2005).  For plants, the horticulture industry provides a 

major pathway for the cross-continental establishment and invasion of non-native 

species (Reichard and White 2001).  However, nurseries also carry many species 

that are native to the continents where plants are sold, with possible benefits for 

migrations within continents.  To date, climate change has allowed many species to 

shift their geographic ranges northward (Walther et al. 2002; Parmesan 2006), in 

some cases facilitated by the presence of plants in gardens (Walther et al. 2002, 

2005, 2007), and there is an expectation that gardeners in northern regions will be 

able to grow many new plant species in the future due to a warmer climate (Bisgrove 

and Hadley 2002).  Here we investigate the potential for commercial nurseries to 

provide a head start for northward range shifts of native European plant species in the 

face of ongoing climate change.  To what degree have we already inadvertently 

assisted plant migrations? 
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METHODS 

We used national and international websites and databases (e.g. www.ppp-

index.de; www.plantfinder.com) to collect information on commercial plant nurseries 

in the study area, which comprised most of Europe (Austria, Belgium, Denmark, 

France, Germany, Ireland, Italy, Luxemburg, Norway, Portugal, Spain, Sweden, The 

Netherlands and the United Kingdom).  246 nurseries were selected for this study 

based on their geographical location (i.e., situated along a north-south gradient and 

more or less evenly spread over countries) and commercial activities (large, non-

specialized, locally-selling plant nurseries) (Figure 6-1). We excluded plant nurseries 

specialized in only one or two genera (e.g. Rosa spp., Rhododendron spp.) or large 

nurseries that export wider than regionally. 

 

Figure 6-1  Map of the study area in Europe showing the locations of the 246 plant nurseries as dots. 

 

All 246 plant catalogues were digitized in a tabular database. Plant names and 

synonyms were checked, corrected and standardized twice: first in a (semi-)automatic 

way using computer algorithms and later by hand to check for inconsistencies. Only 

species and subspecies were selected for further analysis.  Forms, varieties, cultivars 

and hybrids were excluded from analysis under the assumption that intensive 

breeding programs may reduce the ability of plants to persist and reproduce outside 
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of human assistance (see Kitajima et al. 2006 for an exception). This resulted in a 

data matrix of 246 plant nurseries and 12,424 (sub-) species. 

 

Given that successful establishment of introduced species is strongly 

influenced by propagule pressure (Lockwood et al. 2005) – estimated for horticultural 

plants as the number of nurseries where a species is sold (Dehnen-Schmutz et al. 

2007) – we restricted our analysis to (sub-) species that were sold in at least 25 plant 

nurseries (~10% of our sample). This reduced the data matrix to 575 (sub-) species, 

including both natives and exotics, and focused the analysis on a set of species 

particularly likely to escape from gardens into natural habitats given suitable 

conditions.  Only 8 of these 575 were listed as sub-species, so we did not conduct 

separate analysis for species vs. sub-species; henceforth we refer to all (sub-)species 

simply as species for simplicity.  For all species native to Europe (N = 357, 62%), we 

calculated the distance (in kilometers) between the northern edge of the ‘commercial 

range’ (defined as the northern most plant nursery in which the plant was sold) and 

the northern edge of the ‘natural range’, estimated from regional floras (Jalas and 

Suominen 1972-1994; Hultén and Fries 1986). To test for the influence of individual 

nurseries on the determination of commercial range edges, we recalculated these 

using the mean latitude of the three and five most northerly plant nurseries.  Finally, 

to test whether certain families were over- or under-represented in commercially 

grown species relative to the broader native European flora, we conducted a chi-

square test comparing these two groups with respect to the proportions of species in 

each family with at least 10 species in both datasets. 

RESULTS 

Of 575 species or subspecies sold in at least 10% of nurseries, 357 (62%) 

were native to Europe.  Of these native species, 260 (73%) were sold in at least one 

nursery further north than the natural northern geographic range limit. For the subset 

of 109 forest plant species, 71 (65%) were sold further north (Figures 6-2 and 6-3). 

The commercial northern range limit exceeded the natural northern range limit by a 

mean of 1009 ± 632 km (mean ± SD) for these 260 species (830 ± 632 km for the 71 

forest plant species), and 588 ± 900 km for all 357 native species (830 ± 632 km for 

all 109 native forest plant species). When we recalculated these measures using the 



Garden plants get a head start on climate change 

103 

-1000 0 1000

 

2000 

Difference in range (km) 

2% 

4% 

6% 

8% 

-1000 0 1000 2000 

Difference in range (km) 

5% 

10% 

15% 

mean latitude of the three and five most northerly plant nurseries for those species 

with commercial range limits north of natural range limits, the difference was reduced 

from 1009 ± 632 km to 891 ± 570 km and to 806 ± 591 km, respectively.  We base 

our conclusions on the value calculated using the single northernmost nursery given 

the modest differences among these results, and also because this represents a 

minimum estimate of the commercial northern range edge due to the fact that we did 

not exhaustively survey every nursery in Europe, and that some of the gardens where 

species are planted will be even further north than the nurseries.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6-2  Histogram showing the distances between the northern edges of commercial and natural ranges 

for (A) all 357 native European plant species and (B) all forest plant species (N = 109). Species with 

commercial northern range limits exceeding natural northern range limits are shown in light gray, species 

with natural northern range limits exceeding commercial northern range limits are shown in dark gray. 

  

We found significant differences in the frequencies of species across plant 

families between commercially-grown native plants and the entire European flora (χ2 

= 27.8, df = 6, p = 0.0001).  The proportions of the 260 commercially-grown species 

(and the full European flora with 13,298 species) in each family were as follows: 

Lamiaceae – 0.081 (0.048), Asteraceae – 0.077 (0.126), Ranunculaceae – 0.062 

(0.026), Rosaceae – 0.046 (0.029), Caryophyllaceae – 0.038 (0.058), 

Scrophulariaceae – 0.038 (0.04), other – 0.658 (0.675). 

A B 
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Figure 6-3  Natural and commercial range limits in two native European plant species: Saponaria ocymoides (A) and Asarum europaeum (B), a forest plant 

species. On the left side of each panel, nurseries where the species was available are shown as green dots. The natural range limits, determined from Atlas Florae 

Europaeae (Jalas and Suominen 1972-1994) and Hultén and Fries (1986), are shown in red. A. The northern commercial range limit of Saponaria ocymoides 

(69.46°N) exceeds the natural northern range (47.50 °) by >2400km. B. The northern commercial range lim it of Asarum europaeum (69.46°N) exceeds the natural 

northern range (55°) by >1600km.   

 

B 

A 



 

 

DISCUSSION 

The presence of plant species in nurseries hundreds of kilometers further 

north than their natural range limits should provide a big head start for migration in the 

face of anthropogenic climate change.  For plant species in the north-temperate zone, 

estimates of required migration rates for geographic ranges to track climate change 

over the next 1-2 centuries are typically on the order of 0.1-5 km per year (Iverson 

and Prasad 2002; Malcolm et al. 2002; Ohlemüller et al. 2006).  Thus, extending 

range limits via horticulture, as demonstrated here, may have a profound impact on 

the northward movement of the range boundary within which plants ultimately grow 

outside of direct human assistance.  At least in some cases, this may allow extinction 

to be averted.   

 

Given the global scope of the horticulture industry, we expect our main 

conclusion that horticulture-mediated movement of plants will facilitate tracking of 

suitable habitat conditions to apply at least qualitatively to native plant species from 

all continents on earth.  In temperate regions, suitable habitat conditions for a broad 

range of species are expected to march systematically towards the poles, while in 

tropical regions suitable conditions for different species may shift more 

idiosyncratically (Parmesan 2006; Williams et al. 2007).  Little is known about the 

degree to which gardens have already contributed to migration of native species in 

response to recent climate change, though there is at least some evidence that this 

has been the case for one native species, European holly (Ilex aquifolium, Walther et 

al. 2005), as well as many exotic species (Walther et al. 2002, 2007).  Of the 534 

ornamental species sold in Britain during the 19th century and examined by Dehnen-

Schmutz et al. (2007), 27% were subsequently found growing outside of cultivation, 

and 30% of these had established populations, clearly demonstrating the potential for 

horticultural plants to ultimately spread into non-cultivated habitats (see also Sullivan 

et al. 2005).  More quantitative studies from across the globe will be needed to fully 

assess the role of horticulture in providing a head start to migration during climate 

change. 
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With interacting species migrating at potentially different rates and along 

somewhat different paths (Parmesan 2006), and with novel combinations of climatic 

conditions arising on some parts of the earth (Williams et al. 2007), the effects of 

climate change on range sizes and abundances will likely vary tremendously across 

species.  Likewise, horticulture will not assist the migration of all native European 

plant species equally.  First, although we consider 260 to be a large number of native 

species with commercial range limits further north than their natural range limits, 

these species represent a relatively small proportion of the European flora.  Second, 

we found significant differences in the frequencies of species in different plant families 

– for example, an overrepresentation of species in the mint (Lamiaceae), buttercup 

(Ranunculaceae), and rose (Rosaceae) families.  Thus, horticulture may cause the 

future native flora of northern Europe to be biased towards “desired” species in 

particular plant families.  At the same time, some of the many exotic species that are 

not currently problematic to people, and that are sold in nurseries, may well begin to 

spread into natural habitats as novel climatic conditions arise (Walther et al. 2002). 

 

Scattered horticultural centers and gardens, far north of species’ natural range 

limits, essentially represent small outlying populations, and past range shifts during 

the Holocene inferred from paleoecological evidence support the importance of small 

outlying populations during migration.  Migration rates calculated based on the pollen 

record for north-temperate trees initially suggested extremely rapid post-glacial 

migration during the Holocene (Clark 1998), providing some hope that unaided 

migrations in the face of contemporary climate change might be sufficiently rapid to 

prevent extinction.  However, recent evidence indicates these initial estimates were 

overly fast given that small populations far north of the main center of abundance, 

which are typically ignored in traditional paleoecological analyses, appear to have 

provided critical foci for colonization and spread northward during the Holocene 

(McLachlan et al. 2005).  We suggest that nurseries and gardens will play a similar 

role as foci of northward expansion in response to ongoing anthropogenic climate 

change. 

 

In many cases, northward plant migrations during the Holocene also had 

important genetic consequences, such as reduced genetic variability in northern 

populations due to serial bottlenecks, or increased genetic variability in regions where 
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populations from isolated refugia subsequently became mixed (Petit et al. 2003).  

Likewise, many exotic species populations differ in genetic composition from 

populations in the native range depending on the number and location of source 

populations (Vellend et al. 2007).  This raises important questions concerning the 

genetic diversity and composition of native plants sold north of their natural ranges, 

for which we have few answers at present.  Small outlying populations can reduce the 

impact of serial genetic bottlenecks that may otherwise occur during migration 

(McLachlan et al. 2005).  In addition, if species show local adaptation to climatic 

conditions within their natural ranges (Davis and Shaw 2001), the potential for 

establishment and spread during climate change may depend, in part, on whether the 

plants sold in nurseries originate from similar or very different climatic conditions than 

those north of the natural range.  This is an important area of future research. 

 

Finally, the idea of “assisted migration” suggests the promise of helping 

species avert extinction by allowing them to keep pace with climate change, but it 

also presents the potential for all of the risks typically associated with the introduction 

of exotic species, some of which ultimately become major pests (McLachlan et al. 

2007).  While the debate on assisted migration rages on, it is clear that we have 

already given an unintentional head start on migration to many species across the 

earth. 



 

 

 

 

 

 

 

  
  

  
 
Will these species ever be part of the Flemish flora? From upper left to lower right: 
Scilla bifolia, Iris foetidissima, Symphytum tuberosum and Ornithogalum 
pyrenaicum. These are the study species from Chapter 4, photographed during 
the experiment. Photos: Bas Van der Veken 
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Conclusion 

This thesis aimed at disentangling the interacting effects of environmental 

gradients (e.g. climate), autecological characteristics and human interactions on plant 

species distributions, and forest plants in particular, at local to regional scales in 

Western Europe. In this final chapter, we draw general conclusions from our results, 

discuss the impact of these results on biodiversity conservation and management and 

make suggestions for future research. 

THE INTERACTING ROLES OF CLIMATE AND DISPERSAL LIMIT ATION ON PLANT 

SPECIES DISTRIBUTIONS 

Climate is traditionally considered as the main driver in limiting the geographic 

distributions of species (Pearson & Dawson 2003; Hawkins et al. 2003). Two pieces 

of evidence are commonly cited in support of the belief in its importance (Gaston 

2003): first, the limits to the distributions of species are often found to be coincident 

with particular combinations of climatic conditions. Second, the distributions of 

species are often seen to change through time in broad synchrony with changes in 

climatic conditions. Indeed, the results of Chapter 2 show that there is a clear 

turnover in species composition of forest plant species along a climate gradient from 

southern France to The Netherlands. Under the expected climate warming (IPCC 

2007) and the assumption of unlimited dispersal, several forest plant species could be 

expected to move several hundreds of kilometers northward and thereby to change 

present-day community structures (although difficult to predict how; see e.g. Dukes 

2007 and Box 1-3). Based on the species attribute results, we could expect species 

with higher Ellenberg-T values, scleromorphic species, hemicryptophytes and stress-
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tolerant species to become relatively more abundant in the northern regions of the 

study area, which comprised France, Belgium and The Netherlands. However, as 

was shown in chapters 3 to 5 of this thesis, the assumption of unlimited dispersal is 

highly problematic, in particular to forest plant species adapted to the stable 

environmental conditions of forests that are characterized by poor dispersal and 

colonizing ability (Hermy et al. 1999).  

Results in Chapter 3 showed that variation in geographic range characteristics 

are associated with life-history traits for Western European forest plant species, with 

different association patterns apparent for woody and herbaceous taxa. For 

herbaceous species, seed dispersal mode, seed production and seed bank longevity 

exhibited significant associations with geographic range characteristics, including 

area of occupancy. Woody plant species exhibited fewer significant associations, 

although maximum height was positively associated with range centroid latitude 

within the study area. Furthermore, the ranges of species with limited dispersal ability 

were more clustered than the ranges of species with morphological adaptations for 

long-distance seed dispersal. This finding implies that the ranges of some forest plant 

species may be limited by colonization capacity rather than climate or other 

environmental factors. In the following chapters, these observational indirect findings 

were confirmed by direct evidence, i.e. transplantation experiments. Indeed, our 

results in Chapter 4 showed strong indications of large-scale dispersal limitation for at 

least some of Europe’s native forest flora, indicating substantial non-equilibrium with 

climate for three of the four species investigated. In that performance at the 

experimental site in Belgium seemed to be partially, and negatively, associated with 

distance from species current northern range edges, we also found evidence of 

climate operating as an ultimate limit on the potential distribution of species, but not in 

clear association with the actual position of current range boundaries. The same 

conclusions could be drawn from the long-term experiment conducted with the 

perennial forest herb Hyacinthoides non-scripta. These populations were expanding 

with a lot of seedlings and young plants after 45 growing seasons, indicating a clear 

regional dispersal. So, based on both observational as experimental data in this 

study, together with different ofher studies recently published, we believe that many 

geographic ranges of Western European forest plant species are indeed restricted by 

dispersal limitation
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BOX 7-1: EXTINCTION DEBT AND COLONIZATION CREDIT : THE TWO SIDES OF TIME LAGS  

Transformation of the landscape (land use 
changes) is one of the major environmental 
threats to species diversity on local, regional 
and global scales. A number of possible drivers 
behind this process have been identified in the 
last decades: habitat loss and deterioration, 
increasing isolation of the remaining habitat 
patches, and changing climate. However, while 
some species may respond almost 
immediately to such environmental changes, 
the response of other species may be delayed. 
This is known as relaxation (Diamond 1972): 
after environmental change, it can take shorter 
or longer periods of time before extinctions 
occur and the original number of species in the 
transformed area relaxes to a lower number. 
Such slow responses create an extinction debt 
(Tilman et al. 1994), in that certain species are 
still present, even if they are expected to go 
deterministically extinct. Terms as ‘relaxation” 
and “extinction debt” were defined in the 
context of habitat fragmentation and thus 
declining species numbers, and the existence 
of both mechanisms have been illustrated as 
such for different regions, habitats and species 
groups, such as tropical birds (e.g. Brooks et 
al. 1999), boreal lichens and fungi (e.g. 
Berglund & Jonsson 2005), grassland plants 
(e.g. Helm et al. 2006) and forest plants (e.g. 
Vellend et al. 2006). These studies showed 
local populations can be maintained in altered 
landscapes, even when the conditions for 
species persistence are no longer met, due to 
slow population responses and time lags can 
vary up to periods of more than a century 
(Vellend et al. 2006). One could expect the 
same processes to occur when landscapes 
alter in the opposite way, e.g. the creation of 
secondary forest next to primary forest patches 
(forest expansion). If conditions for the 
existence of certain species are again met, one 
could expect an ‘upward relaxation’ to a higher 
species number in the new, larger forest area 
(due to recolonization or a ‘rescue effect’) and, 
until the relaxation is complete, a phenomenon 
that can be described as ‘colonization credit’ as 
the flip side of ‘extinction debt’, because similar 
processes are involved and the two 
phenomena can even co-occur in a single 
landscape (Fig. 7-1).   

Fig. 7-1. Conceptual framework showing the two 
sides of time lags: extinction debt and colonization 
credit. The dotted line represents the theoretical 
species – area curve. 

An extinction debt can be expected under net 
habitat losses. The latter can be caused by the 
destruction of the habitat patch or – more 
frequently – by a change in habitat quality of 
the habitat patch through e.g. nitrogen 
deposition at local to regional scales or climate 
change at regional to global scales. A 
colonization credit can be expected under a net 
habitat gain, i.e. the creation or restoration of 
suitable habitat, e.g. by afforestation at local to 
regional scales. The same mechanisms can 
also apply to much larger scales, such as 
whole species ranges, e.g. due to shifting 
climate borders, i.e. net habitat loss at the 
southern range edge and net habitat gain at 
the northern range edge. 

Although not explicitly defined as ‘colonization 
credit’, different studies on dispersal limitation 
in forest plants have illustrated the existence of 
a colonization credit, mostly on local scales 
(e.g. secondary forest adjacent to primary 
forest patches, e.g. Bossuyt et al. 1999; 
Verheyen & Hermy 2001) but in this thesis also 
on macro-ecological scales.  

In forest plants, so called “ancient woodland 
indicators” (sensu Hermy et al. 1999) are 
specialist species adapted to the stable 
environmental conditions of forests that are 
characterized by poor dispersal and colonizing 
ability. Due to their slow dynamics, they are 
expected to demonstrate larger extinction 
debts and colonization credits.  
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next to other factors such as climate, giving them a ‘colonization credit’ at the 

northern side of their current ranges (see Box 7-1). Furthermore, our results 

(especially in Chapter 4) address the importance of biotic interactions for predicting 

future species distributions under climate change. 

EARLY VS . LATE HOLOCENE MIGRATION  

The southern European peninsulas (Iberian, Italian and Balkan) are 

considered to have been refugia for many European species during the Pleistocene 

Ice Ages. However, some recent studies have provided evidence for survival of some 

species north of these peninsulas (Stewart & Lister 2001). Bhagwat & Willis (2008) 

recently showed that these were often small-seeded, wind-dispersed tree species and 

habitat generalists, while large-seeded species and habitat specialists survived only 

in the southern refugia. These findings might be reflected by the patterns we found in 

Chapter 3. Nevertheless, most (large-seeded) forest plant species must have 

survived far south from their present distribution. Many recent studies however found 

a severe disparity between the distance covered by the herbs since the last ice age 

and the speed botanists see them move year-to-year in the wild (the so-called Reid’s 

paradox). Cain et al. (1998) attributed this to long-distance dispersal due to rare 

events, such as tornadoes, migrating animals or birds. This might be a crucial 

difference between early and current Holocene plant migration. Especially in Western 

Europe, the vast areas of woodland as they were present in the early Holocene 

(giving free way to migrating plant or animals carrying them or their propagules) have 

now become highly fragmented. Not only this means that species are hampered 

during migration due to a lack a corridors, but as habitat fragmentation mostly occurs 

together with habitat destruction, remaining populations become smaller and more 

isolated. As a consequence, they will exert a lesser propagule pressure on 

unoccupied patches and due to genetic and / or chance effects, might become more 

vulnerable to extinction themselves. 

Although the results of this and many other studies focusing on future ranges 

of slow-dispersing species might look dramatic, we should be aware of the capacity of 

many species to persist for a long time in suboptimal conditions (see Box 1-2). The 

fact that many temperate forest plant species still occur in southern Europe (although 

often in smaller abundances) shows their phenological plasticity, and highlights the 
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possibility that their long-term reaction to changing climate might consist of 

persistence in the first place, followed by migration. As a consequence, they might 

have some time left to respond to the moving climate borders. 

ADAPTATION OF DISPERSAL LIMITATION  

While it has been shown above, both observationally (Chapter 3) and 

experimentally (Chapters 4 and 5) that a lot of forest plant species ranges are 

dispersal-limited, both at local to regional scales, the results of Chapter 6 show that 

the commercial northern range limits generally exceeds the natural northern range 

limit with a mean difference of ~1000 km. With estimates of migration rates of ~0.1-5 

km per year required for geographic ranges to track climate change over the coming 

century (Malcolm et al. 2002; Ohlemüller et al. 2006), we expect nurseries and 

gardens to provide a substantial head start on migration during climate change for 

many native plants.  While conservation biologists actively debate whether or not we 

should intentionally provide “assisted migration”, it is clear that we have already 

assisted the migration of a large number of species undeliberately. 

However, this leaves the question if and when we should do so deliberately in 

the context of conservation. Should we or should we not intervene in the migration 

process of plant species or, more fundamentally, in averting extinction for all or a 

number of species by allowing them to keep pace with climate change? Following the 

recently published paper by Hunter (2007), several forest plant species might be 

valuable candidates for assisted migration, since some of them might be under threat 

by climate change, they are slow-dispersing and do generally not play a key 

ecological role in the (new) forest ecosystem (as compared to e.g. dominant tree 

species) and are therefore less “dangerous” as potential “climate refugees”. 

Complementary, there are a lot of candidate translocation sites for these species, as 

new forests are being developed on former agricultural land (and thus not “pristine” or 

wild forests) in Western Europe (MCPFE 2003). Furthermore, translocating forest 

plants or propagules might be more feasible from a technical point of view than e.g. 

large herbivores and more acceptable to the public. I therefore expect that – if 

“assisted migration or colonization” would be adopted as a conservation strategy in 

the near future – some forest plant species might be among the first ones to be 
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translocated with the status of “climate refugee”. McLachlan et al. (2007) identifies 

three possible policy options regarding assisted migration.  

Position 1 , pro assisted migration, is mostly motivated by the imminent threat 

of extinction and may represent the best option to minimize species loss under 

devastating and rapid-human-caused climate change, but places existing 

communities under a high risk of disruption. An advocate of this position may be 

convinced that climate constrains the distribution of most taxa, projections of habitat 

shifts are accurate and dispersal limitation warrants human assistance. Furthermore, 

time is too short to develop specific models for all species. Proponents of position 1 

may require predictive habitat models to guide release of organisms or may simply 

opt to endorse broad movement, allowing ecosystems to sort themselves out. 

Position 2 , avoidance of assisted migration, emphasizes awareness of the 

unintended consequences of well-intentioned human interference. Instead extensive 

emphasis is placed on facilitating natural population spread. However, they must 

accept the likelihood that restricting population spread to natural mechanisms may 

result in the extinction of species that might otherwise have survived.  

Position 3 , constrained assisted migration, represents an attempt to balance 

the benefits and risks associated with assisted migration. The hallmark of this position 

is the expectation that assisted migration is necessary to preserve biodiversity, but 

tries to minimize the risks through careful restrictions on actions, planning, monitoring 

and adaptive management.  

I reject an unsupervised mass translocation that undermines current 

conservation work and the fundaments of nature in which natural processes and 

selfregulation are key criteria. But, following McLachlan et al. (2007), I also reject the 

“business as usual” scenario that is the current de facto policy, often neglecting 

current and expected biodiversity losses. Even a policy rejecting assisted migration 

will have to offer alternative approaches to prevent species extinctions. It is therefore 

high time that scientists, managers and policy makers discuss the strategies that will 

be followed to conserve biodiversity, and the eventual role that assisted migration 

should play in these strategies.  
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POLICY SUGGESTIONS AND FUTURE RESEARCH  

Climate change is predicted to have major consequences, not only for the 

environment but also for society as a whole. It is essential that policy makers at all 

governmental levels (Flanders, Europe, global) identify their priorities carefully, taking 

into account the full range of issues relating to climate change and the environment, 

including both mitigation and adaptation, the range of geographical scales at which 

climate change operates, and the socio-economic context. 

 

Three broad areas should be considered:  

i. Climate change mitigation. Support for the implementation of regional, 

EU and global initiatives to reduce emissions of greenhouse gases. At a 

global level, the United Nations Framework Convention on Climate 

Change (UNFCCC) sets the policy framework for action to address 

climate change. Under this convention, the Kyoto Protocol sets out 

legally-binding targets for individual countries to limit or reduce their 

greenhouse gas emissions. The target for Flanders is to cut 

greenhouse gas emissions by 5.2% below 1990 levels by 2008-2012. 

ii. Climate change adaptation. The development and promotion of 

measures to adapt policies and practices that affect biodiversity to the 

environmental impacts of climate change. Each of the major multilateral 

environmental agreements (like IUCN) has begun to consider climate 

change as a factor affecting achievement of their objectives. 

iii. Evidence base. The development of a robust evidence base to underpin 

policy advocacy. The Intergovernmental Panel on Climate Change 

(IPCC) is responsible for undertaking scientific and technical 

assessments relevant to climate change. It has an important role in 

developing climate change scenarios. 

 

Based on the results of this thesis and the methods used, some clear areas 

for further research that would help resolving the most important questions regarding 

plant species migration can be identified. Firstly, there is a lack of standardized and 

systematic information about the current distribution of many species, even in 

“popular” taxonomic groups as higher plants (see Chapter 6) and in developed 
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countries. Second, researchers should keep working on the accuracy of 

biogeographic range modeling, also for species that are not only limited by climatic 

constrains. Thirdly, the extent to which species interactions, including competition, 

mutualisms and trophic interactions, will determine future range limits and future 

communities, should require special scientific attention (see e.g. Araujo & Luoto 

2007). A number of these questions could be solved by well-designed long-term 

experiments and field-trials. Fourthly, as long distance dispersal (LDD) is one of the 

key processes in range dynamics, especially in fragmented habitats such as Western 

European forests, estimates for LDD should be improved, as they largely influence 

the outcome of distribution models (see e.g. Nathan 2006). Finally, increasing 

evidence suggest that intraspecific genetic variation is frequently adaptive (Skelly et 

al. 2007). For instance, northern populations may be better adapted for colonization 

because their genotypes were also successful during Holocene range expansions. 

Therefore, genetic research could help identifying the preferred source populations 

for colonization or – if selected as a strategy for conservation - assisted migration. 
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Appendix 

Appendix 2-1.  List of the 236 species with number of vegetation descriptions where 

present (N), phytoclimatic group (PCG) and climate optima based on the 9 climatic 

variables (all expressed in °C except precipitation  in mm/year; see Table 2-2) 

 

Species name N PCG temp stdev prec max1 max2 max3 m in1 min2 min3 

Aconitum vulparia  2 2 9,40 6,40 807 23,55 14,09 35,47 -0,67 5,38 -19,76 

Actaea spicata  27 3 10,13 5,32 844 20,86 12,68 32,01 0,89 7,21 -13,07 

Adoxa moschatellina 201 1 9,82 5,46 827 21,10 12,72 32,71 0,41 6,59 -14,74 

Aegopodium podagraria  107 1 9,73 5,50 822 21,22 12,76 33,05 0,27 6,40 -15,22 

Ajuga reptans 162 1 10,28 5,50 832 21,90 13,48 34,04 0,71 6,77 -15,07 

Alliaria petiolata  74 1 9,96 5,44 833 21,31 12,88 33,13 0,60 6,78 -14,28 

Allium scorodoprasum  9 1 10,12 5,34 835 21,13 12,88 32,61 0,98 7,11 -13,92 

Allium ursinum  29 3 9,75 5,54 839 21,27 12,80 33,24 0,32 6,54 -14,87 

Allium vineale  33 1 10,04 5,45 833 21,47 12,99 33,27 0,68 6,83 -14,01 

Alopecurus pratensis  5 3 10,16 5,34 840 21,12 12,84 32,50 0,89 7,07 -13,62 

Anemone hepatica  12 4 13,40 5,90 879 26,02 17,74 39,22 1,99 7,89 -12,78 

Anemone nemorosa  329 1 9,88 5,58 824 21,67 13,12 33,73 0,36 6,41 -15,82 

Anemone ranunculoides  11 3 10,51 5,86 856 22,85 14,04 34,71 0,39 6,69 -15,21 

Angelica sylvestris  152 1 9,75 5,49 821 21,12 12,72 32,77 0,27 6,41 -15,42 

Anthriscus sylvestris  61 1 9,97 5,46 834 21,43 12,95 33,33 0,60 6,77 -14,32 

Aquilegia vulgaris  5 4 13,14 5,63 924 25,58 17,49 38,89 2,25 7,63 -12,41 

Arctium nemorosum  9 1 9,91 5,66 825 22,25 13,59 34,99 0,67 6,57 -16,53 

Arctium pubens  7 3 10,12 5,34 841 21,18 12,87 32,61 0,89 7,06 -13,65 

Arrhenatherum elatius  16 1 9,75 5,45 815 21,08 12,70 32,77 0,26 6,39 -15,01 

Arum italicum  22 4 12,27 5,49 890 24,08 16,08 37,11 1,59 7,53 -12,62 

Arum maculatum  164 1 9,98 5,55 826 21,65 13,15 33,61 0,53 6,66 -15,09 

Asarum europaeum  8 3 10,53 6,58 851 24,83 14,96 37,15 -0,25 6,01 -19,20 

Asperula odorata  59 1 10,68 5,68 822 23,04 14,41 35,82 1,06 6,95 -15,73 

Asphodelus albus  4 4 12,65 5,57 880 25,05 16,92 38,48 1,84 7,71 -13,73 

Astragalus glycyphyllos  5 4 13,74 5,76 917 25,96 18,06 39,44 2,00 7,99 -11,98 

Athyrium filix-femina  152 1 9,94 5,56 831 21,71 13,20 34,14 0,45 6,52 -15,73 

Blechnum spicant  22 3 11,27 5,24 857 22,69 14,85 36,47 1,58 7,28 -14,14 

Brachypodium pinnatum  16 3 12,29 5,80 845 25,69 16,76 38,62 2,53 7,15 -13,70 

Brachypodium sylvaticum  136 1 10,78 5,64 837 22,97 14,39 35,33 0,91 6,84 -15,22 

Bromus ramosus subsp. 

ramosus 

15 4 12,97 5,82 905 25,84 17,34 38,92 2,11 7,51 -13,06 

Calamagrostis canescens  29 1 9,58 5,59 823 21,25 12,78 33,33 0,06 6,15 -16,68 

Calamagrostis epigejos  6 3 10,10 5,38 839 21,12 12,77 32,83 0,71 6,98 -13,73 

Caltha palustris  64 1 9,98 5,39 830 21,00 12,71 32,47 0,59 6,80 -14,40 
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Campanula trachelium  42 1 10,47 5,81 828 23,00 14,16 35,13 0,74 6,73 -15,63 

Cardamine amara  36 1 10,10 5,35 837 21,01 12,73 32,41 0,77 7,03 -13,58 

Cardamine flexuosa  9 3 10,20 5,27 844 20,68 12,57 31,88 0,92 7,26 -13,17 

Cardamine pratensis  196 1 9,83 5,52 826 21,34 12,90 33,20 0,33 6,43 -15,46 

Carduus crispus  8 3 10,13 5,33 837 21,01 12,77 32,45 0,91 7,13 -13,60 

Carex acuta  3 3 9,23 5,72 840 20,95 12,47 33,92 -0,43 5,74 -17,52 

Carex acutiformis  38 1 9,49 5,60 823 21,05 12,65 33,21 -0,07 6,05 -16,63 

Carex alba  2 3 12,11 6,17 840 25,86 16,81 38,83 1,67 7,52 -15,83 

Carex brizoides  4 2 11,03 6,17 818 24,74 15,72 37,37 0,67 6,65 -17,45 

Carex digitata 18 1 10,98 6,04 824 24,44 15,25 37,00 1,13 6,67 -16,49 

Carex elongata  14 2 9,42 5,67 812 21,36 12,86 33,48 -0,16 5,79 -17,98 

Carex flacca  66 3 12,30 5,80 859 25,29 16,64 38,44 1,91 7,30 -14,23 

Carex montana  1 2 10,61 6,41 780 25,31 15,47 37,98 1,27 7,11 -19,21 

Carex paniculata  3 2 9,92 5,25 806 20,37 12,40 31,27 0,60 6,81 -14,63 

Carex pendula  23 3 10,13 5,39 843 21,18 12,92 33,03 0,62 6,87 -14,13 

Carex pilosa  2 4 11,49 6,94 945 26,07 15,63 38,58 -0,41 6,35 -18,16 

Carex pilulifera  20 2 10,37 5,43 797 22,56 14,14 36,12 1,53 6,99 -16,12 

Carex remota  105 1 9,88 5,46 824 21,26 12,87 33,05 0,44 6,53 -15,37 

Carex riparia  8 1 9,88 5,55 827 21,78 13,26 33,84 0,57 6,56 -15,37 

Carex sylvatica  163 1 10,19 5,62 824 22,24 13,65 34,54 0,57 6,55 -15,87 

Carex umbrosa  9 4 12,14 5,84 873 24,93 16,36 38,13 1,25 7,17 -15,20 

Cephalanthera longifolia  12 3 12,15 5,88 865 25,68 16,59 38,50 2,32 7,01 -14,09 

Cephalanthera rubra  11 3 12,31 5,75 859 25,65 16,77 38,54 2,59 7,19 -13,64 

Chaerophyllum temulum  15 1 10,06 5,35 830 20,99 12,76 32,61 0,77 6,95 -14,25 

Chenopodium polyspermum 13 1 10,04 5,36 828 21,16 12,75 32,26 0,69 6,90 -13,74 

Circaea lutetiana  196 1 9,96 5,48 827 21,40 13,03 33,47 0,48 6,59 -15,18 

Cirsium oleraceum  26 3 9,86 5,51 838 21,33 12,88 33,39 0,50 6,68 -14,95 

Cirsium palustre  135 1 9,70 5,52 818 21,20 12,76 32,85 0,22 6,33 -15,73 

Cirsium vulgare  5 3 10,06 5,37 844 21,09 12,78 32,17 0,81 7,09 -12,91 

Claytonia perfoliata  1 1 9,94 5,47 832 21,50 12,98 33,47 0,51 6,77 -14,21 

Convallaria majalis  69 1 10,67 5,80 829 23,52 14,60 36,14 1,02 6,75 -15,98 

Coronilla emerus 12 4 13,10 5,75 883 25,47 17,34 38,65 1,71 7,74 -13,26 

Corydalis cava  12 1 9,90 5,54 832 21,62 13,05 33,51 0,42 6,58 -14,46 

Corydalis solida  15 1 9,94 5,60 829 21,81 13,16 33,68 0,43 6,61 -14,68 

Crepis paludosa  6 3 10,20 5,31 840 20,83 12,64 32,16 0,91 7,22 -13,37 

Dactylis glomerata  25 3 10,08 5,36 838 21,10 12,78 32,64 0,73 6,96 -13,97 

Dactylis polygama  1 3 10,45 6,59 851 24,21 14,46 36,09 -1,45 4,93 -19,84 

Deschampsia cespitosa  177 1 9,77 5,61 816 21,59 13,02 33,57 0,26 6,32 -16,24 

Deschampsia flexuosa  32 2 11,03 5,52 814 23,28 14,87 36,75 1,50 7,20 -15,42 

Digitalis lutea  5 3 12,14 5,87 848 25,53 16,58 38,52 2,65 7,10 -14,07 

Doronicum pardalianches  2 1 9,99 5,54 825 21,83 13,14 34,22 0,56 6,71 -14,63 

Doronicum plantagineum  1 1 10,01 5,54 820 21,83 13,14 34,22 0,57 6,73 -14,65 

Dryopteris carthusiana  87 1 10,05 5,56 823 21,87 13,32 34,21 0,69 6,72 -15,57 

Dryopteris dilatata  95 1 9,77 5,52 835 21,33 12,87 33,54 0,34 6,45 -15,65 

Dryopteris filix-mas  102 1 10,46 5,56 831 22,35 13,88 34,80 0,91 6,93 -14,99 

Dryopteris x tavelii  3 2 10,42 5,40 786 22,45 14,11 36,35 1,90 7,23 -15,64 

Elymus athericus  2 3 10,12 5,36 842 20,96 12,68 32,55 0,73 7,00 -13,70 

Elymus repens  2 3 10,25 5,14 859 20,57 12,48 32,02 0,99 7,30 -13,22 

Epilobium angustifolium  8 1 9,20 5,75 830 21,22 12,67 33,53 -0,49 5,61 -18,17 
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Epilobium hirsutum  9 3 10,18 5,27 844 20,74 12,62 31,95 0,93 7,24 -13,23 

Epilobium montanum  18 1 9,76 5,49 826 21,23 12,82 32,82 0,26 6,44 -15,47 

Epipactis helleborine  28 1 10,82 5,63 838 23,43 14,52 35,41 1,29 6,68 -14,73 

Equisetum arvense  12 1 9,66 5,49 823 20,97 12,63 32,93 0,18 6,31 -15,61 

Equisetum fluviatile  9 3 10,14 5,31 842 20,96 12,70 32,61 0,81 7,06 -13,75 

Equisetum hyemale  3 3 10,23 5,25 840 20,73 12,66 31,91 1,10 7,31 -13,50 

Equisetum palustre  8 3 9,83 5,47 840 21,11 12,72 33,03 0,39 6,61 -15,21 

Equisetum telmateia  45 3 10,05 5,37 840 21,01 12,71 32,61 0,70 6,96 -13,84 

Eupatorium cannabinum  25 1 9,66 5,53 831 21,12 12,70 32,95 0,16 6,35 -15,78 

Euphorbia amygdaloides  76 1 11,40 5,74 830 24,29 15,58 37,53 1,56 7,07 -15,49 

Euphorbia dulcis  43 3 12,06 5,80 860 25,05 16,36 38,18 1,64 7,16 -14,55 

Festuca altissima  1 3 10,45 6,59 851 24,21 14,46 36,09 -1,45 4,93 -19,84 

Festuca gigantea  50 1 9,92 5,41 829 21,03 12,71 32,69 0,54 6,72 -14,61 

Festuca heterophylla  43 1 11,58 5,93 823 25,06 16,00 38,12 1,62 7,00 -15,80 

Filipendula ulmaria  220 1 9,75 5,49 822 21,12 12,73 32,82 0,28 6,42 -15,46 

Fragaria vesca  63 1 11,06 5,80 837 23,87 15,06 36,67 1,15 6,89 -15,67 

Gagea lutea  5 1 9,96 5,43 817 21,05 12,79 32,78 0,57 6,84 -14,54 

Galanthus nivalis 19 1 9,99 5,50 830 21,56 13,02 33,48 0,53 6,70 -14,13 

Galeopsis bifida  154 1 9,61 5,56 816 21,22 12,75 33,03 0,06 6,15 -16,10 

Galeopsis tetrahit  47 1 10,06 5,40 835 21,32 12,94 33,10 0,79 6,95 -14,14 

Galium aparine  291 1 9,81 5,48 824 21,18 12,78 32,87 0,37 6,52 -15,06 

Galium palustre  64 1 9,73 5,51 828 21,18 12,76 33,04 0,25 6,37 -16,00 

Galium sylvaticum  6 4 10,57 6,66 882 24,67 14,74 36,79 -1,03 5,46 -19,21 

Geranium robertianum  164 1 10,24 5,47 830 21,80 13,39 33,84 0,74 6,80 -14,76 

Geum urbanum  323 1 9,91 5,52 822 21,51 13,02 33,32 0,45 6,55 -15,24 

Glechoma hederacea 248 1 9,85 5,48 827 21,28 12,84 33,04 0,43 6,57 -14,96 

Glyceria fluitans  7 1 9,95 5,36 837 21,00 12,70 32,78 0,50 6,70 -14,95 

Helleborus foetidus  5 2 10,72 6,03 812 23,88 14,76 37,00 0,91 6,70 -17,10 

Helleborus viridis  16 4 13,37 5,53 911 25,40 17,63 38,92 2,00 7,83 -11,99 

Heracleum sphondylium 86 1 9,88 5,45 824 21,15 12,82 32,76 0,49 6,66 -14,65 

Hieracium murorum  11 3 12,36 5,76 861 25,67 16,83 38,56 2,52 7,18 -13,57 

Holcus lanatus  71 1 9,63 5,54 817 21,15 12,70 32,89 0,12 6,23 -15,75 

Holcus mollis 81 1 10,02 5,52 821 21,87 13,33 34,25 0,76 6,72 -15,70 

Hyacinthoides non-scripta  98 1 9,73 5,59 826 21,80 13,17 34,62 0,38 6,32 -16,44 

Hypericum androsaemum  22 4 13,10 5,42 910 24,94 17,23 38,53 2,15 7,90 -12,12 

Hypericum hirsutum  9 3 10,83 5,62 854 22,73 14,35 35,04 0,97 7,02 -14,05 

Hypericum montanum 5 4 12,46 5,82 887 25,81 16,98 38,72 2,61 7,30 -13,46 

Hypericum perforatum  7 1 10,38 5,59 830 22,37 13,70 34,22 1,02 6,93 -14,51 

Hypericum pulchrum  22 2 10,67 5,47 806 22,86 14,46 36,35 1,65 7,06 -15,78 

Impatiens noli-tangere 14 3 10,11 5,35 840 21,01 12,75 32,46 0,84 7,10 -13,43 

Impatiens parviflora 6 3 10,15 5,36 838 21,04 12,73 32,76 0,75 7,02 -13,77 

Iris foetidissima  9 4 12,83 5,45 890 24,91 16,98 38,33 2,14 7,79 -12,85 

Iris pseudacorus  60 1 9,50 5,59 819 21,24 12,74 33,20 -0,04 6,02 -16,96 

Isopyrum thalictroides 2 4 12,10 6,01 872 25,19 16,58 37,79 1,22 7,33 -15,49 

Juncus effusus  9 1 9,36 5,73 829 21,44 12,89 33,90 -0,29 5,75 -18,18 

Lamium album  8 1 10,03 5,46 835 21,44 12,96 33,16 0,63 6,84 -13,88 

Lamium galeobdolon  303 1 9,90 5,55 828 21,54 13,06 33,61 0,44 6,54 -15,51 

Lamium maculatum  2 3 10,11 5,33 845 20,99 12,88 32,12 1,16 7,31 -13,24 

Lapsana communis 7 1 10,14 5,40 831 21,52 13,21 33,28 1,15 7,12 -14,58 
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Lathraea clandestina 18 3 9,57 5,56 845 21,00 12,56 33,22 0,03 6,23 -16,03 

Lathraea squamaria  3 3 10,13 6,58 852 24,42 14,62 36,50 -0,56 5,72 -19,17 

Lathyrus linifolius var. 

montanus  

18 1 11,52 5,95 825 24,84 15,97 37,97 1,29 7,07 -16,40 

Leucojum vernum  3 2 9,62 6,11 816 22,93 13,76 34,79 -0,27 5,81 -17,85 

Listera ovata  78 1 9,69 5,50 826 21,10 12,70 32,77 0,24 6,40 -15,43 

Lithospermum 

purpurocaeruleum 

2 1 12,43 5,95 821 25,45 16,66 38,78 1,46 7,22 -14,13 

Luzula forsteri  26 2 11,48 5,65 812 24,26 15,65 37,72 1,65 7,23 -15,41 

Luzula luzuloides  5 3 10,45 6,62 845 24,74 14,86 36,67 -0,92 5,45 -19,54 

Luzula pilosa  71 1 10,36 5,72 826 22,74 14,09 35,73 0,76 6,67 -16,28 

Luzula sylvatica  24 3 11,47 5,65 843 23,95 15,46 37,00 1,45 7,18 -14,97 

Lychnis flos-cuculi  18 1 9,83 5,54 826 21,48 12,96 33,42 0,35 6,44 -15,52 

Lycopus europaeus  21 1 9,66 5,53 829 21,14 12,77 33,06 0,24 6,32 -16,07 

Lysimachia nemorum  21 3 10,33 5,29 849 21,07 12,91 32,65 0,90 7,17 -13,41 

Lysimachia nummularia  31 1 9,80 5,51 825 21,32 12,85 33,37 0,37 6,48 -15,13 

Lysimachia vulgaris  55 1 9,65 5,56 830 21,22 12,77 33,35 0,14 6,26 -16,34 

Lythrum salicaria  15 3 9,40 5,65 839 21,14 12,66 33,75 -0,16 5,96 -17,20 

Maianthemum bifolium  16 1 9,68 5,62 830 21,46 12,93 33,83 0,20 6,31 -16,17 

Melampyrum pratense  24 3 11,59 5,48 847 23,99 15,55 37,35 2,12 7,33 -14,16 

Melandrium dioicum  80 1 10,08 5,39 836 21,26 12,89 32,91 0,78 6,98 -13,84 

Melica uniflora  90 1 11,28 5,68 832 23,84 15,24 36,89 1,42 7,11 -15,14 

Melittis melissophyllum  5 2 10,91 6,15 782 24,81 15,43 37,62 1,25 6,89 -17,64 

Mentha aquatica  16 1 9,68 5,59 834 21,30 12,85 33,37 0,21 6,34 -16,35 

Mercurialis perennis 83 3 11,10 5,66 846 23,40 14,83 35,97 1,20 7,03 -14,65 

Milium effusum 137 1 10,20 5,62 828 22,30 13,67 34,80 0,73 6,71 -15,62 

Moehringia trinervia  186 1 9,72 5,52 824 21,22 12,78 33,09 0,25 6,37 -15,56 

Mycelis muralis  6 3 10,01 5,38 843 21,01 12,78 32,18 0,84 7,16 -12,74 

Myosotis scorpioides  5 1 9,87 5,52 829 21,34 12,88 33,44 0,38 6,51 -15,19 

Narcissus pseudonarcissus  20 1 10,26 5,81 821 22,82 13,87 35,34 0,59 6,66 -15,94 

Neottia nidus-avis  25 2 11,08 5,86 802 24,39 15,32 37,35 1,50 6,90 -16,23 

Orchis mascula  4 1 11,00 5,67 835 23,78 14,96 36,06 1,61 6,88 -14,42 

Orchis purpurea  10 1 10,05 5,47 830 21,55 13,14 33,35 0,85 6,97 -14,45 

Origanum vulgare 4 1 9,85 5,72 836 22,25 13,50 34,98 0,48 6,41 -16,83 

Ornithogalum pyrenaicum 17 2 10,62 6,27 801 24,62 15,09 37,42 0,64 6,53 -18,31 

Ornithogalum umbellatum  65 1 9,89 5,44 824 21,19 12,81 32,88 0,49 6,64 -14,64 

Oxalis acetosella 98 1 10,19 5,58 833 22,14 13,62 34,72 0,68 6,69 -15,57 

Paris quadrifolia 92 1 9,85 5,57 828 21,47 12,98 33,23 0,39 6,56 -15,24 

Phalaris arundinacea 31 1 9,86 5,42 821 21,02 12,69 32,47 0,45 6,61 -14,86 

Phragmites australis 4 1 9,28 5,77 828 21,42 12,85 34,44 -0,48 5,65 -19,03 

Platanthera chlorantha 9 4 12,10 5,78 872 24,83 16,26 37,73 1,86 7,31 -14,37 

Poa annua 6 1 10,08 5,41 836 21,40 13,02 33,05 0,90 6,98 -14,05 

Poa chaixii  9 2 10,53 6,43 801 24,80 15,08 37,36 -0,03 6,02 -19,32 

Poa nemoralis 78 1 10,50 5,67 821 22,75 14,08 35,29 0,93 6,89 -15,71 

Poa palustris 50 1 10,06 5,41 836 21,40 12,96 33,14 0,74 6,90 -13,92 

Poa trivialis 252 1 9,78 5,48 824 21,10 12,72 32,76 0,33 6,49 -15,10 

Polygonatum multiflorum 294 1 9,82 5,58 824 21,62 13,07 33,75 0,33 6,40 -15,92 

Polygonatum odoratum  10 3 11,63 5,61 858 24,13 15,48 36,54 1,98 7,14 -13,70 

Polygonatum verticillatum 2 4 10,95 6,74 901 25,12 15,06 37,34 -0,93 5,62 -19,11 
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Polygonum dumetorum 7 1 10,06 5,39 835 21,26 12,87 33,14 0,75 6,91 -14,11 

Polygonum hydropiper 10 1 9,84 5,51 833 21,34 12,87 33,22 0,47 6,59 -14,72 

Polygonum persicaria 4 3 10,11 5,36 840 21,13 12,84 32,29 0,94 7,13 -13,43 

Polystichum aculeatum 9 3 11,72 5,53 862 23,38 15,18 35,57 1,50 7,46 -12,74 

Polystichum setiferum 13 3 12,16 5,35 860 24,01 16,08 37,68 1,94 7,65 -13,61 

Potentilla montana 4 4 13,22 5,28 899 24,79 17,21 38,34 1,99 7,99 -11,77 

Potentilla sterilis 50 2 11,04 5,85 817 24,03 15,17 36,84 1,06 6,85 -16,21 

Prenanthes purpurea 2 3 10,47 6,57 853 24,22 14,50 36,09 -1,43 4,93 -19,85 

Primula elatior 225 1 9,88 5,57 822 21,57 13,07 33,49 0,32 6,43 -15,73 

Primula veris 15 2 10,69 5,83 802 23,89 14,89 36,92 1,32 6,77 -16,49 

Primula vulgaris 19 2 10,14 5,27 811 21,32 13,17 33,39 1,04 6,80 -14,68 

Pteridium aquilinum 91 3 11,45 5,66 839 23,98 15,46 37,11 1,51 7,14 -14,92 

Pulmonaria affinis 31 4 13,24 5,65 899 25,56 17,53 38,98 1,97 7,78 -12,46 

Pulmonaria angustifolia 16 4 12,57 5,74 869 25,68 17,01 38,68 2,42 7,30 -13,28 

Pulmonaria longifolia 20 3 11,47 6,01 843 24,83 15,87 37,76 1,05 6,91 -16,46 

Ranunculus auricomus 56 1 10,07 5,75 818 22,31 13,52 34,26 0,43 6,55 -15,93 

Ranunculus ficaria 386 1 9,84 5,52 825 21,38 12,91 33,28 0,37 6,50 -15,30 

Ranunculus nemorosus 30 3 11,85 5,96 852 24,97 16,25 38,06 1,18 7,11 -15,76 

Ranunculus repens 106 1 9,97 5,42 834 21,17 12,80 32,85 0,58 6,77 -14,42 

Rubia peregrina 54 4 12,78 5,67 878 25,40 17,07 38,65 2,16 7,53 -13,03 

Rumex obtusifolius 22 1 10,05 5,44 834 21,44 12,98 33,27 0,71 6,87 -14,06 

Rumex sanguineus 123 1 9,83 5,46 821 21,18 12,77 32,79 0,41 6,54 -14,85 

Ruscus aculeatus 58 3 12,02 5,52 845 24,40 16,11 37,90 1,99 7,46 -13,95 

Sanicula europaea 77 3 11,35 5,54 842 23,51 15,09 36,19 1,50 7,14 -14,29 

Sarothamnus scoparius 11 3 11,48 5,17 852 22,88 15,14 36,80 2,13 7,62 -13,74 

Scilla bifolia 11 2 10,35 6,34 810 24,39 14,84 36,89 0,41 6,44 -18,86 

Scirpus sylvaticus 8 3 10,16 5,32 841 20,92 12,70 32,23 0,88 7,18 -13,39 

Scrophularia nodosa 99 1 9,93 5,57 819 21,84 13,24 33,93 0,44 6,49 -15,70 

Scutellaria galericulata 13 1 9,53 5,66 837 21,57 13,03 33,85 0,08 6,07 -17,09 

Sedum telephium 7 2 9,72 5,42 796 20,72 12,53 31,73 0,21 6,32 -15,17 

Senecio fuchsii 12 1 10,02 5,66 830 22,09 13,36 34,23 0,42 6,58 -15,30 

Solidago virgaurea 50 1 11,38 5,82 827 24,47 15,59 37,49 1,59 7,01 -15,70 

Stachys officinalis 26 2 11,28 5,80 816 24,38 15,58 37,61 1,40 7,09 -16,24 

Stachys sylvatica 164 1 9,79 5,49 825 21,18 12,77 32,88 0,32 6,48 -15,14 

Stellaria holostea 113 1 10,24 5,67 820 22,49 13,81 35,07 0,74 6,67 -15,96 

Stellaria media 23 3 10,09 5,38 837 21,17 12,85 32,69 0,80 7,02 -13,68 

Symphytum officinale 42 1 9,48 5,64 823 21,33 12,80 33,65 -0,13 5,95 -17,02 

Symphytum tuberosum 4 4 13,21 5,47 908 25,20 17,35 38,55 2,42 7,99 -12,22 

Tamus communis 50 3 12,45 5,62 860 24,98 16,65 38,33 2,08 7,48 -13,45 

Taraxacum sp. 41 3 10,10 5,36 838 21,11 12,82 32,59 0,85 7,08 -13,50 

Teucrium chamaedrys 4 4 12,46 5,82 887 25,81 16,98 38,72 2,61 7,30 -13,46 

Teucrium scorodonia 59 1 10,96 5,61 833 23,48 14,83 36,30 1,38 6,92 -15,13 

Urtica dioica 412 1 9,82 5,48 827 21,20 12,79 32,95 0,38 6,54 -14,99 

Valeriana repens 126 1 9,73 5,50 822 21,15 12,73 32,84 0,26 6,38 -15,66 

Veronica beccabunga 4 3 9,77 5,46 843 21,01 12,67 33,44 0,29 6,44 -15,45 

Veronica chamaedrys 8 1 9,84 5,54 828 21,34 12,90 33,36 0,43 6,49 -15,82 

Veronica hederifolia 9 1 10,05 5,35 831 20,80 12,61 31,92 0,72 6,99 -13,53 

Veronica montana 91 1 10,18 5,49 827 21,84 13,34 34,08 0,76 6,82 -14,64 

Veronica officinalis 29 1 10,98 5,58 831 23,00 14,61 35,73 1,18 7,17 -14,77 



Appendix 

133 

Vicia sepium 74 1 11,10 5,75 835 23,65 14,92 36,20 1,25 7,03 -15,11 

Vinca minor 64 1 10,26 5,67 840 22,54 13,88 35,19 0,46 6,45 -16,22 

Vincetoxicum hirundinaria 10 4 12,49 5,78 871 25,63 16,95 38,70 2,44 7,25 -13,39 

Viola hirta 4 2 9,94 5,70 814 22,60 13,85 35,55 0,85 6,63 -17,05 

Viola odorata 10 1 9,76 5,43 828 20,93 12,59 32,47 0,33 6,54 -15,06 

Viola palustris 20 3 10,09 5,36 840 21,09 12,80 32,53 0,83 7,07 -13,40 

Viola reichenbachiana 72 2 10,52 5,74 813 23,22 14,40 36,04 0,82 6,65 -16,44 

Viola riviniana 110 1 9,84 5,52 820 21,44 12,98 33,24 0,42 6,47 -15,64 

Viola x bavarica  60 3 11,50 5,60 860 23,53 15,12 35,89 1,49 7,24 -13,34 
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Appendix 3-1.  List of the 273 forest plant species included in the database, ordered by family (61 angiosperm families, 2 

gymnosperm families) 

Angiosperm/Gymnosperm Family Species name area of 
occupancy 

latitudinal 
extent 

centroid 
latitude 

Angiosperms Adoxaceae Adoxa moschatellina L. 83.00 12.50 48.79 
 Alliaceae Allium scorodoprasum L. 5.62 8.00 46.96 
  Allium ursinum L. 5.18 7.50 46.03 
 Amaryllidaceae Galanthus nivalis L. 71.46 12.00 48.95 
  Leucojum vernum L. 82.33 12.50 49.22 
  Narcissus pseudonarcissus L. 27.99 12.40 47.38 
 Anacardiaceae Cotinus coggygria Scop. 79.82 12.50 48.94 
 Apiaceae 

 
Conopodium majus (Gouan) 
Loret 

55.77 11.83 49.01 

  Peucedanum officinale L. 15.32 10.17 46.96 
 Apocynaceae Vinca minor L. 41.98 11.00 48.28 
 Aquifoliaceae Ilex aquifolium L. 68.80 12.50 49.53 
 Araceae Arum maculatum L. 3.27 7.00 49.52 
 Araliaceae Hedera helix L. 84.24 12.67 49.06 
 Aristolochiaceae Asarum europaeum L. 11.50 10.33 47.55 
 Asteraceae Aposeris foetida (L.) Less. 83.35 12.00 49.28 
  Centaurea montana L. 22.18 10.83 49.57 
  Hieracium fuscocinereum Norrlin 66.06 12.73 48.56 
  Hieracium laevigatum Willd. 9.63 11.00 47.87 
  Hieracium murorum L. 23.36 11.17 48.56 
  Hieracium sabaudum L. 85.19 12.73 48.76 
  Hieracium umbellatum L. 95.33 12.73 48.83 
  Inula hirta L. 2.57 9.40 47.35 
  Petasites albus (L.) Gaertn. 13.95 10.50 47.11 
  Prenanthes purpurea L. 5.21 6.17 46.15 
  Solidago virgaurea L. 75.25 12.50 49.28 
  Tanacetum corymbosum (L.) 

Schultz-Bip. 
95.30 12.90 48.79 

 Balsaminaceae Impatiens noli-tangere L. 76.80 12.50 48.82 
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  Impatiens parviflora DC. 8.67 8.33 47.59 
 Berberidaceae Berberis vulgaris L. 42.90 12.50 48.09 
 Betulaceae Alnus glutinosa (L.) Gaertn. 3.43 9.00 46.18 
  Alnus incana (L.) Moench 90.59 12.73 48.88 
  Betula alba L. 90.75 12.90 48.98 
  Betula humilis Schrank. 0.95 9.23 47.30 
  Betula pendula Roth 93.42 12.90 48.84 
  Carpinus betulus L. 23.36 11.33 48.88 
  Corylus avellana L. 71.40 11.83 49.06 
 Boraginaceae 

 
Lithospermum purpurocaeruleum 
L. 

53.10 12.50 48.98 

  Omphalodes scorpioides 
(Haenke) Schrank 

65.24 12.90 48.32 

  Pulmonaria angustifolia L. 20.24 10.00 48.97 
  Pulmonaria collina W. Sauer 76.77 12.00 48.77 
  Pulmonaria montana Lej. 6.26 5.83 46.27 
  Pulmonaria officinalis L. 12.96 9.17 47.14 
  Symphytum officinale L. 72.86 12.50 49.20 
 Brassicaceae Arabis turrita L. 56.34 12.50 48.25 
  Cardamine heptaphylla (Vill.) 

O.E. Schulz 
47.63 12.33 49.35 

  Cardamine pentaphyllos Crantz. 18.18 10.33 49.03 
  Hesperis matronalis L. 14.78 11.17 49.82 
  Lunaria rediviva L. 81.54 12.67 49.02 
 Buxaceae Buxus sempervirens L. 85.00 12.33 48.80 
 Campanulaceae Campanula latifolia L. 1.40 2.33 50.60 
  Campanula persicifolia L. 28.76 12.17 48.59 
  Campanula trachelium L. 65.46 12.00 48.95 
  Phyteuma spicatum L. 90.09 12.67 48.83 
 Cannabaceae Humulus lupulus L. 25.90 12.00 48.81 
 Caprifoliaceae Lonicera alpigena L. 2.26 9.50 48.25 
  Lonicera nigra L. 75.06 12.50 48.98 
  Lonicera periclymenum L. 14.49 10.40 47.35 
  Lonicera xylosteum L. 88.50 12.90 49.08 
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  Sambucus nigra L. 4.29 8.50 47.75 
  Viburnum lantana L. 64.25 12.73 48.92 
  Viburnum opulus L. 35.84 12.17 48.18 
 Caryophyllaceae Moehringia trinervia (L.) Clairv. 48.62 8.83 50.49 
  Stellaria holostea L. 49.13 12.00 49.77 
  Stellaria nemorum L. 69.46 11.17 49.13 
 Celastraceae Euonymus latifolius (L.) Mill. 82.52 12.50 48.75 
 Clusiaceae Hypericum hirsutum L. 41.63 10.40 48.37 
  Hypericum montanum L. 11.73 10.17 47.91 
  Hypericum pulchrum L. 6.86 11.83 47.50 
 Cornaceae Cornus mas L. 51.03 12.67 48.42 
  Cornus sanguinea L. 9.82 10.50 48.15 
 Crassulaceae Sedum telephium L. 74.39 12.33 48.83 
 Cyperaceae Carex acutiformis Ehrh. 78.58 12.67 48.56 
  Carex brizoides L. 10.68 7.90 45.55 
  Carex depauperata Curt. ex 

With. 
74.10 12.50 49.11 

  Carex digitata L. 68.35 12.17 48.89 
  Carex elongata L. 68.95 12.17 49.39 
  Carex halleriana Asso 10.17 10.33 47.47 
  Carex pallescens L. 32.13 10.50 49.38 
  Carex pendula Huds. 59.49 12.00 48.34 
  Carex pilosa Scop. 50.05 12.50 49.33 
  Carex remota Jusl. ex L. 56.85 12.50 49.23 
  Carex strigosa Huds. 80.04 12.67 49.13 
  Carex sylvatica Huds. 76.04 12.50 49.10 
 Elaeagnaceae Hippophae rhamnoides L. 31.27 11.00 47.69 
 Ericaceae Vaccinium myrtillus L. 82.08 12.67 48.66 
 Euphorbiaceae Euphorbia amygdaloides L. 0.57 0.50 49.01 
  Mercurialis perennis L. 10.58 9.50 47.49 
   1.75 7.83 46.73 
 Fabaceae Colutea arborescens L. 36.19 11.67 48.40 
  Cytisus scoparius (L.) Link 4.51 5.83 49.87 
  Laburnum anagyroides Med. 30.57 11.83 48.53 
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  Lathyrus niger (L.) Bernh. 60.31 12.17 48.51 
  Lathyrus vernus (L.) Bernh. 63.27 12.33 48.97 
  Lembotropis nigricans (L.) 

Griseb. 
23.45 12.50 49.41 

  Ulex europaeus L. 63.23 12.33 49.01 
  Vicia sepium L. 30.38 8.33 49.88 
 Fagaceae Castanea sativa Mill. 72.13 12.50 48.52 
  Fagus sylvatica L. 45.82 11.33 48.15 
  Quercus cerris L. 81.67 12.17 49.30 
  Quercus petraea Lieblein 44.68 11.83 48.56 
  Quercus pubescens Willd. 24.05 10.50 47.42 
  Quercus robur L. 15.32 12.50 47.73 
 Fumariaceae 

 
Corydalis cava (L.) Schweigg. et 
Koerte 

39.37 12.17 48.19 

  Corydalis solida (L.) Clairv. 60.69 10.83 49.40 
 Grossulariaceae Ribes alpinum L. 80.24 12.17 48.79 
  Ribes nigrum L. 20.81 7.33 49.86 
  Ribes rubrum L. 37.11 12.33 48.74 
  Ribes uva-crispa L. 81.67 12.33 49.07 
 Hyacinthaceae 

 
Hyacinthoides non-scripta (L.) 
Chouard ex Rothm. 

42.61 12.00 49.01 

  Ornithogalum pyrenaicum L. 3.02 6.17 46.30 
  Scilla bifolia L. 50.49 12.17 48.15 
 Juncaceae 

 
Luzula luzuloides (Lam.) Dandy 
et Wilmott 

5.15 10.33 46.73 

  Luzula nivea (L.) DC 0.25 6.00 48.46 
  Luzula pilosa (L.) Willd. 50.62 12.17 49.04 
  Luzula sylvatica (Huds.) Gaudin 28.31 10.17 48.45 
 Lamiaceae Ajuga reptans L. 0.25 5.33 46.68 
  Calamintha nepeta (L.) Savi 9.95 9.73 47.07 
  Galeopsis tetrahit L. 11.12 12.00 48.32 
  Lamium galeobdolon (L.) L. 46.39 12.50 47.68 
  Lycopus exaltatus L. f. 65.97 12.50 48.48 
  Melittis melissophyllum L. 5.21 9.00 46.93 
  Salvia glutinosa L. 3.37 5.83 46.28 
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  Stachys sylvatica L. 24.56 11.00 47.56 
  Teucrium scorodonia L. 33.27 12.57 47.66 
 Liliaceae Gagea lutea (L.) Ker-Gawl. 28.34 12.40 47.54 
  Gagea minima (L.) Ker-Gawl. 27.99 12.40 47.38 
  Lilium martagon L. 53.13 10.17 49.20 
 Malvaceae Tilia platyphyllos group 35.27 12.33 48.89 
  Tilia cordata Mill. 26.15 12.17 47.58 
 Melanthiaceae Paris quadrifolia L. 70.00 12.73 49.01 
 Myricaceae Myrica gale L. 8.83 11.23 48.32 
 Oleaceae Fraxinus excelsior L. 74.42 12.17 49.11 
  Fraxinus ornus L. 38.32 10.67 49.20 
  Ligustrum vulgare L. 24.75 11.33 48.44 
 Onagraceae Circaea alpina L. 1.62 9.00 47.19 
  Circaea lutetiana L. 16.33 10.17 48.23 
  Epilobium montanum L. 46.43 12.67 48.62 
 Orchidaceae 

 
Cephalanthera damasonium 
(Mill.) Druce 

77.15 12.73 48.64 

  Cephalanthera longifolia (L.) 
Fritsch 

65.59 12.33 48.48 

  Cephalanthera rubra (L.) L.C.M. 
Rich. 

18.08 7.17 49.17 

  Cypripedium calceolus L. 30.79 11.00 48.03 
  Dactylorhiza maculata (L.) Soó 24.21 12.00 47.96 
  Epipactis helleborine (L.) Crantz 25.29 9.67 49.76 
  Epipactis purpurata Smith 46.58 10.00 49.19 
  Limodorum abortivum (L.) Swartz 4.39 5.67 51.44 
  Listera ovata (L.) R. Brown 39.53 12.33 48.63 
  Malaxis monophyllos (L.) Sw. 75.88 12.67 49.01 
  Neottia nidus-avis (L.) L.C.M. 

Rich. 
70.35 12.33 48.84 

  Orchis mascula (L.) L. 50.56 12.33 48.29 
  Orchis pallens L. 85.38 12.67 48.94 
  Orchis purpurea Huds. 21.99 11.50 47.70 
  Platanthera chlorantha (Cust.) 

Reichenb. 
0.83 4.83 49.24 
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 Oxalidaceae Oxalis acetosella L. 14.11 11.90 47.19 
 Poaceae 

 
Brachypodium sylvaticum 
(Huds.) Beauv. 

35.91 12.90 47.57 

  Calamagrostis arundinacea (L.) 
Roth 

42.36 11.83 48.63 

  Calamagrostis canescens 
(Weber) Roth 

0.16 1.33 54.47 

  Calamagrostis epigejos (L.) Roth 63.01 11.33 49.47 
  Deschampsia cespitosa (L.) 

Beauv. 
72.16 12.73 48.17 

  Deschampsia flexuosa (L.) Trin. 61.84 12.33 48.28 
  Festuca gigantea (L.) Vill. 69.49 12.67 49.18 
  Festuca heterophylla Lam. 1.02 3.50 49.84 
  Hierochloe australis (Schrad.) 

Roem. & Schult. 
15.86 9.17 50.12 

  Holcus mollis L. 41.02 12.00 49.09 
  Hordelymus europaeus (L.) Harz 42.07 12.50 47.87 
  Melica nutans L. 42.83 12.73 49.01 
  Melica uniflora Retz. 61.52 12.00 48.76 
  Milium effusum L. 58.12 9.17 49.46 
  Molinia caerulea (L.) Moench 7.59 11.73 47.55 
  Poa chaixii Vill. 65.68 12.33 49.22 
  Poa nemoralis L. 33.49 11.00 49.38 
  Poa remota Forsel. 23.26 12.33 47.85 
 Polygonaceae Rumex sanguineus L. 33.08 12.00 47.93 
 Primulaceae Cyclamen purpurascens Mill. 10.93 5.33 49.60 
  Lysimachia nemorum L. 26.37 7.83 49.03 
  Lysimachia nummularia L. 29.77 12.73 47.33 
  Lysimachia vulgaris L. 3.15 10.23 46.88 
  Primula elatior (L.) Hill 67.91 12.67 49.05 
  Primula vulgaris Huds. 13.31 10.17 47.53 
 Ranunculaceae 

 
Aconitum lycoctonum L. subsp. 
vulparia (Reichenb.) Nyman 

15.25 9.33 48.31 

  Aconitum napellus L. 0.29 2.33 51.22 
  Actaea spicata L. 47.89 12.90 48.63 
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  Anemone nemorosa L. 71.05 12.17 49.56 
  Anemone ranunculoides L. 74.83 11.83 49.14 
  Aquilegia vulgaris L. 66.98 11.33 48.60 
  Clematis vitalba L. 2.29 7.17 48.69 
  Helleborus foetidus L. 21.80 12.00 47.86 
  Helleborus niger L. 76.04 12.50 48.76 
  Helleborus viridis L. 16.30 10.17 47.48 
  Hepatica nobilis Schreb. 64.25 12.50 48.56 
  Ranunculus auricomus L. 74.93 12.50 48.73 
  Ranunculus ficaria L. 3.08 7.00 46.43 
  Ranunculus lanuginosus L. 20.18 11.73 48.78 
  Thalictrum aquilegiifolium L. 47.89 12.33 48.36 
 Rhamnaceae Rhamnus alpinus L. 1.40 3.83 50.93 
  Rhamnus catharticus L. 38.23 12.33 48.44 
 Rosaceae Amelanchier ovalis Med. 5.40 4.67 49.50 
  Aremonia agrimonoides (L.) DC. 21.73 11.67 48.70 
  Cotoneaster integerrimus Med. 6.13 7.90 48.39 
  Cotoneaster tomentosus (Ait.) 

Lindl. 
3.43 11.17 47.49 

  Crataegus laevigata (Poiret) DC. 1.11 6.67 48.46 
  Crataegus monogyna Jacq. 8.17 11.00 48.02 
  Filipendula vulgaris Moench 77.09 12.90 48.66 
  Fragaria moschata Weston 63.11 12.17 48.81 
  Geum rivale L. 20.50 12.00 47.57 
  Geum urbanum L. 6.26 10.00 47.48 
  Malus sylvestris (L.) Mill. 55.10 12.50 48.13 
  Mespilus germanica L. 37.37 12.00 48.64 
  Potentilla alba L. 78.11 12.50 49.19 
  Potentilla micrantha Ramond ex 

DC. 
8.33 10.00 48.06 

  Potentilla sterilis (L.) Garcke 2.86 11.17 46.96 
  Prunus avium (L.) L. 45.82 12.50 48.74 
  Prunus fruticosa Pallas cv. 

Globosa 
26.79 9.50 47.18 
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  Prunus mahaleb L. 56.85 12.73 48.79 
  Prunus padus L. 9.53 12.73 49.44 
  Prunus spinosa L. 11.25 11.67 48.18 
  Pyrus communis L. 0.64 1.33 48.33 
  Rosa 'canina' groep 5.75 8.83 47.71 
  Rosa arvensis Huds. 23.07 12.00 48.50 
  Rosa elliptica Tausch 63.08 12.33 49.32 
  Rosa glauca Pourr. 72.39 12.50 49.04 
  Rosa rubiginosa L. 33.40 12.00 47.71 
  Rosa villosa L. 57.96 12.73 49.43 
  Rubus caesius L. 7.40 10.83 46.45 
  Rubus idaeus L. 14.68 9.50 48.33 
  Sorbus aria (L.) Crantz 76.20 12.50 49.13 
  Sorbus aucuparia L. 44.87 12.33 49.11 
  Sorbus danubialis (Javorka) 

Kárpáti. 
82.90 12.67 48.68 

  Sorbus domestica L. 75.34 12.50 49.05 
  Sorbus mougeotii Soy.-Will. & 

Godr. 
73.91 12.67 49.02 

  Sorbus torminalis (L.) Crantz 51.92 12.17 48.36 
 Rubiaceae Asperula taurina L. 69.21 12.17 49.81 
  Galium odoratum (L.) Scop. 22.37 11.17 47.23 
 Ruscaceae Convallaria majalis L. 61.61 12.50 48.72 
  Maianthemum bifolium (L.) F.W. 

Schmidt 
16.75 11.33 46.95 

  Polygonatum multiflorum (L.) All. 45.85 12.33 48.70 
  Ruscus aculeatus L. 6.42 10.17 46.40 
 Salicaceae Populus tremula L. 83.79 12.67 48.70 
  Salix 'cinerea' groep 62.44 12.17 49.18 
  Salix alba L. 16.68 10.67 48.18 
  Salix aurita L. 77.72 12.50 48.52 
  Salix daphnoides Villars 74.36 12.67 48.73 
  Salix pentandra L. 79.85 12.50 48.63 
  Salix purpurea L. 33.68 12.33 47.84 
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  Salix repens L. 49.06 9.67 50.38 
  Salix triandra L. 68.95 12.50 49.61 
 Santalaceae Viscum album L. 67.08 11.33 49.73 
 Sapindaceae Acer campestre L. 36.77 11.83 48.79 
  Acer monspessulanum L. 0.35 8.00 46.36 
  Acer opalus Mill. 40.23 12.73 48.27 
  Acer platanoides L. 47.70 8.00 49.99 
  Acer pseudoplatanus L. 7.53 7.90 46.80 
 Saxifragaceae Chrysosplenium alternifolium L. 56.88 12.33 48.83 
  Chrysosplenium oppositifolium L. 22.75 12.73 48.05 
 Scrophulariaceae Lathraea squamaria L. 4.89 7.17 47.90 
  Melampyrum nemorosum L. 66.92 12.33 49.24 
  Melampyrum pratense L. 11.09 11.45 49.73 
  Orobanche hederae Duby 68.89 12.33 48.95 
  Orobanche lucorum A. Braun 76.87 12.90 49.23 
  Orobanche rapum-genistae 

Thuill. 
82.11 12.90 48.56 

  Scrophularia nodosa L. 68.51 12.33 49.23 
  Veronica montana L. 30.85 11.83 47.85 
  Veronica urticifolia Jacq. 78.07 12.90 48.89 
 Solanaceae Solanum dulcamara L. 27.01 12.17 48.40 
 Staphyleaceae Staphylea pinnata L. 45.12 12.33 49.11 
 Tamaricaceae Myricaria germanica (L.) Desv. 6.20 10.17 46.51 
 Thymelaeaceae Daphne laureola L. 70.99 12.17 49.04 
  Daphne mezereum L. 36.80 12.73 47.96 
 Ulmaceae Ulmus glabra Huds. 45.28 12.33 48.37 
  Ulmus laevis Pallas 57.48 12.33 48.72 
 Violaceae Viola mirabilis L. 73.40 12.33 49.12 
  Viola reichenbachiana Jord. ex 

Boreau 
65.90 12.67 48.98 

  Viola riviniana Reichenb. 31.62 12.50 48.02 
Gymnosperms Taxaceae Taxus baccata L. 79.22 12.67 48.66 
 Cupressaceae Juniperus communis L. 9.63 7.00 50.52 
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Appendix 3-2 Spatial point analysis 

 

The spatial arrangement of the occupied grid cells can be reduced to a spatial 

point pattern by considering the center coordinates of the cells.  Since we did not 

include under-inventoried grid cells in the analysis, the well-inventoried cells are the 

only loci to consider in an analysis of the spatial distribution patterns of the forest 

herbs.  These loci are recorded as either occupied or unoccupied by the species.  

The questions asked about these givens are: (i) Is the observed pattern of occupied 

grid cells clustered, regular or overdispersed against the background of all possible 

cells? (ii) At which scales does this occur?  

A Ripley’s K (Ripley 1977) based measure was calculated to deal with these 

questions.  The original Ripley’s K measure, K(d), can be interpreted as the count of 

points j a distance less than d apart from a focal point i, with the count averaged over 

all focal points: 

 

∑ ∑
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where n is the number of focal points lying within the study region of area A, 

wij is a weighting factor for edge effects correction, dij is the distance between point i 

and j, and Id is the indicator function indicating 1 if dij ≤ d and 0 otherwise.  If points 

are randomly located in the area, then K(d) = πd².  Larger values of K(d) indicate 

clustering, smaller values indicate overdispersion of points. 

In order to test the significance of K(d), usually confidence envelopes are 

calculated with Monte Carlo trials of an appropriate null-model (Wiegand et al. 2004).  

The choice of null-model is important and usually complete spatial randomness 

(CSR) is required.  CSR is also an underlying assumption in the following 

transformation of K(d) to L(d).  This transformation allows easier visual interpretation 

(see Besag 1977): 
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d
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It is easy to see that the expected value L(d) of a random point pattern is 0, if 

CSR is a valid underlying null-model.  To explore the spatial pattern of all cells in the 

study area, the assumption of CSR holds and thus L(d) may be calculated.  However, 

when considering the spatial distribution of forest plant species in grid cells which are 

themselves not randomly positioned in the study area, CSR is not a valid null-model 

(see also Edman and Jonsson 2001, Clifford et al. 2002, Nekola and Kraft 2002, 

Lancaster et al. 2003, Lancaster and Downes 2004, Sullivan et al. submitted).  

Sullivan et al. (submitted) showed that a valid and equivalent transformation can still 

be made by recognizing that the observed Ripley’s K of the species pattern (i.e. 

occupied cells; Kocc) should be approximately equal to the observed Ripley’s K of all 

cells (Kall) in the mean regardless of the number of occupied cells.  Following the logic 

of the previous transformation, L becomes: 

 

( ) ( ) ( )
ππ

dKdK
dL allocc

occ −= . 

 

For all species with occupancy between 20 % and 80 %, Locc was calculated 

at a range of distances d. The minimum distance was set at 50 kilometers, the 

maximum distance at 1000 kilometers, and intervals between successive distances at 

50 kilometers. Just like L(d), the estimator of Locc(d) has a mean of zero and a uniform 

variance across all values of d (Sullivan et al submitted). Values greater than zero 

indicate clustering, values smaller than zero indicate overdispersion of the species 

distribution pattern. 

Monte Carlo Analyses were used to create 95% confidence envelopes. 

Hereto, Locc was recalculated 99 times with each trial representing a random 

subsample (n = number of occupied cells) out of all grid cells; thus ensuring the use 

of the same null-model underlying the transformation of K(d) to Locc(d). 

The spatial analyses were done with S-plus 6.1 (Anon 2002). 
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Appendix 3-3  Subfamilial resolution of Phylogenetic Supertree 

 

The supertree of 271 angiosperm species generated by Phylomatic included 

polytomies at the subfamilial level for all families containing 3 or more genera, and for 

all genera including 3 or more species.  Polytomies within genera were not further 

resolved due to an absence of data on phylogenetic relationships below the genus-

level for the vast majority of genera and species included in the present study.  

Consequently, 25 of the 159 genera (16%) included in the supertree contained 

polytomies; the mean number of species included in these subgeneric polytomies 

was 4.2 (SE ±0.4); the largest subgeneric polytomy included 12 species in the genus 

Carex (Cyperaceae).   

Phylogenetic relationships among genera within families containing 

polytomies were fully or partially resolved based on a review of published, DNA-

based phylogenies (see below).  Where species included in the present analysis were 

not specifically included in these studies, genera were assumed to be monophyletic 

and congeners were used to determine phylogenetic relationships among genera 

within families.  In the Monocots, the Amaryllidaceae (3 genera included in present 

study) were resolved following Lledo et al. (2004), the Hyacinthaceae (3 genera) were 

resolved following Pfosser et al. (2003), the Orchidaceae (10 genera) were partially 

resolved following Cameron et al. (1999) and Freudenstein et al. (2004), the Poaceae 

were partially resolved following the subfamilial and tribal classifications of genera 

presented by Clayton et al. (2002 onwards) and the subfamilial phylogeny of the 

Grass Phylogeny Working Group (GPWG 2001), and the Ruscaceae (3 genera) were 

resolved following Rudall et al. (2000).  In the Eudicots, the Asteraceae (8 genera) 

were resolved following the subfamilial classifications of genera by Bremer (1994) 

and the phylogeny of Kim & Jansen (1995), the Betulaceae (4 genera) were resolved 

following Li et al. (2004), the Boraginaceae (4 genera) were partially resolved 

following Långström & Chase (2002) and Hilger et al. (2004), the Brassicaceae (4 

genera) were partially resolved following Beilstein et al. (2006), the Caprifoliaceae (3 

genera) and Adoxaceae (1 genus) were resolved following Bell & Donoghue (2005), 

the Fabaceae (7 genera) were partially resolved following Kajita et al. (2001) and 

Wojciechowski et al. (2004), the Fagaceae (3 genera) were resolved following Li et al. 

(2004), the Lamiaceae (9 genera) were partially resolved following the subfamilial 

classification of genera by Cantino & Sanders (1986) and the phylogeny of Wagstaff 
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et al. (1998), the Primulaceae (3 genera) were resolved following Mast et al. (2001), 

the Ranunculaceae (9 genera) were resolved following Ro et al. (1997), the 

Rosaceae (15 genera) were resolved following Vamosi & Dickinson (2006), and the 

Scrophulariaceae (5 genera) were resolved following Young et al.. (1999). 

After incorporating this phylogenetic information, the resolved supertree 

included 14 subfamilial, genus-level polytomies (22% of 63 families included in the 

study; mean = 3.6 taxa per polytomy, SE ±0.3).  Nine of these 14 polytomies include 

3 taxa; the largest included 6 taxa in the Poaceae.    
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Appendix 5-1 Characteristics of the source and transplanted populations of Hyacinthoides non-scripta 

 

code (acc. 
to 
Rogister) 

coord. X coord. Y  number 
of bulbs 

extant / 
extinct 

soil PCA 
axis 1 

soil PCA 
axis 2 

veg 1960 
NMS 
axis 1 

veg 1960 
NMS axis 
2 

veg 2005 
NMS axis 
1 

veg 2005 
NMS 
axis 2 

135 232049 139285  10 0 0.4438 0.7669 0.41465 1.06878 0.11039 1.31161 
237 230702 138784  10 0 -0.3690 -0.7296 0.32823 -0.94687 1.0795 0.38624 
250 230323 138674  10 0 -0.8805 2.5426 0.29268 1.35005 -0.08057 1.52379 
305 231087 139112  10 1 -1.1305 -0.6379 0.11585 -0.79335 -1.34945 0.51885 
312 230713 139125  10 0 -0.7247 -0.2746 -0.66462 -0.20597 -0.82556 -0.1692 
496 230543 140487  10 0 -0.8764 -0.3792 0.33349 -0.16161 -0.08394 0.30364 
184A 231483 139253  7 1 0.1654 0.0550 0.55388 0.35862 0.00378 0.83476 
185 231483 139506  7 0 0.7444 0.0001 0.26147 -0.20205 0.07298 0.07534 
190 231694 139515  7 1 -0.1734 -0.2613 0.3813 -0.40806 -0.24423 -0.08313 
215 231133 138840  7 1 0.3913 -0.5990 0.27317 -0.6943 -0.26032 -0.0163 
218 230977 138656  7 0 1.3388 -0.2961 0.2021 -0.47186 -0.12995 -0.42366 
250B 230315 138757  7 0 1.2593 -0.4396 NA NA -0.01403 0.61612 
246 230540 138507  10 0 0.5927 -0.2506 0.64081 0.92119 0.16901 0.97097 
250A 230317 138718  10 0 1.1654 0.1957 NA NA 0.20108 0.77493 
298 230863 138952  10 0 -0.5064 -0.2659 0.6602 -0.40809 -0.01824 -0.25829 
309 231001 138897  10 0 -0.6839 -0.7114 0.2349 -1.12446 0.05363 -0.91055 
318 230417 139228  10 0 0.0748 -0.3581 0.66831 -0.64446 -0.01132 -0.77901 
493 230549 140370  10 0 -1.3322 -0.3500 0.66781 -0.55441 0.03735 0.14329 
308A 230956 139088  7 or 10 1 -0.5377 -0.5411 0.31665 -0.49131 -0.5811 -0.0577 
308B 230960 139108  7 or 10 1 -0.5377 -0.5411 0.31665 -0.49131 -0.5811 -0.0577 
308C 230976 139092  7 or 10 1 -0.5377 -0.5411 0.31665 -0.49131 -0.5811 -0.0577 
352 230270 139220  7 or 10 0 3.3606 -0.0193 -0.56937 -1.29074 -0.37099 -0.53539 
23 232051 138680  7 or 10 1 0.8515 0.1476 0.89959 -0.5566 -0.02958 -0.03221 
112 232456 139297  7 or 10 0 -0.8618 -0.0497 0.34923 -0.95784 0.32931 0.15549 
132A 231930 139110  7 or 10 0 0.4906 0.1661 0.46043 1.24539 0.83226 0.30358 
382 230366 139758  7 or 10 1 -0.7175 -0.5709 0.52627 -0.83403 -0.80573 -0.65595 
390 230892 139858  7 or 10 1 -0.5940 -0.3068 0.11329 -0.53551 -0.27812 0.50618 
F17 171022 99846  1000’s 1 -0.3044 3.9978 -1.67127 0.95435 -0.85729 1.20832 
F72 169964 101043  1000’s 1 -0.6588 -0.5831 -0.89213 0.0058 -0.48295 0.04296 
F84A 170403 101378  1000’s 1 -0.5277 -0.2479 -0.81331 -0.51274 -0.54954 0.1354 
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code   forest soil PLH NFL LLL SEW densit pop. surfac mean maximu furthest 
135 2 4           
237 5 2           
250 3 4           
305 2 1 30.4 3.8 23.2  165 38 0.23 0.27 0.73 0.64 
312 2 2           
496 5 5           
184A 2 1 23.2 6.2 23.2  169 49 0.29 0.25 0.75 1.29 
185 3 4           
190 2 1 27.6 3.6 23.2 3.47 144 101 0.7 0.45 1.16 1.31 
215 2 2 32.6 7.4 27.2 2.98 85 132 1.56 0.67 1.67 2.44 
218 4 3           
250B 3 4           
246 3 4           
250A 3 4           
298 3 3 29 6.6 27.8  NA 20    5.12 
309 4 2           
318 5 4           
493 5 5           
308A 1 1 37 5.8 29.9 4.73 317 2235 7.05 1.45 4.17 5.92 
308B 1 1 33.6 4.4 32.4 3.91 248 436 1.76 0.7 2.25 7.1 
308C 1 1 35.6 5.8 30.6 5.38 168 218 1.3 0.64 1.53 1.63 
352 3 4           
23 2 1 30.8 5.1 24 3.81 246 6453 26.23 2.68 8.89 8.99 
112 3 3           
132A 2 1           
382 5 4   25.8  NA 6    2.59 
390 1 1 35.2 5.4 32.2 3.92 280 1509 5.39 1.29 3.58 2.65 
F17 NA NA 38.36 6.92 28.08 4.78 188      
F72 NA NA 33.48 6.28 27.84 4.63 196      
F84A NA NA 35.76 7.76 29.28 5.42 76      
Legend  Code: source populations have codes starting with F; Coordinates: are in Lambert coordinates (Belgian standard system); Extant = 1, extinct = 0; Forest 
management: 1 = no management; 2 = only changes in shrub layer; 3 = changes in secondary tree species; 4 = changes in dominant tree species; 5 = clearcut, 
eventually followed by reforestation; Soil disturbance: 1 = undisturbed; 2 = moderate disturbance over small part of plot; 3 = moderate disturbance over large part 
of plot; 4 = severe disturbance over small part of plot; 5 = severe disturbance over large part of plot; PLH = mean plant height; NFL = mean number of flowers; LLL 
= mean length of longest leaf; SEW = mean seed weight; Pop. size = estimated population size (individuals); Surface = calculated area (m²) of main population; 
Mean radius = mean of 18 (i.e. every 20°) radials f rom population mass centre to population edge; Maximum diameter = maximum diameter from edge to edge of 
main population; Furthest individual = distance of furthest (isolated) individual from population mass centre  
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Appendix 5-2  Summary statistics of performance characteristics and t-test comparisons between individuals of source and 
implanted populations for those implanted populations where the exact origin was not known. Therefore they are compared to all 
three source populations 
 

 Source population  Implanted population  Sign. 
Variable code               n Mean SD  code                n Mean SD  P= 
          
Plant height (cm) 17               25 38.36 5.41  23               10 30.80 3.22  0.001 
 “ “ “  390              10 35.30 4.92  0.130 
 “ “ “  308a            10 37.00 7.55  0.553 
 “ “ “  308b            10 33.60 4.39  0.076 
 “ “ “  308c            10 35.60 5.12  0.303 
 72               25 33.48 6.33  23               10 30.80 3.22  0.109a 

 “ “ “  390              10 35.30 4.92  0.421 
 “ “ “  308a            10 37.00 7.55  0.169 
 “ “ “  308b            10 33.60 4.39  0.968 
 “ “ “  308c            10 35.60 5.12  0.498 
 84               25 35.76 4.95  23               10 30.80 3.22  0.006 
 “ “ “  390              10 35.30 4.92  0.805 
 “ “ “  308a            10 37.00 7.55  0.570 
 “ “ “  308b            10 33.60 4.39  0.374 
 “ “ “  308c            10 35.60 5.12  0.948 
Length of longest leaf (cm) 17               25 28.08 4.23  23               10 24.00 5.03  0.020 
 “ “ “  390              10 32.20 6.21  0.030 
 “ “ “  308a            10 29.90 4.77  0.275 
 “ “ “  308b            10 32.40 2.40  0.037 
 “ “ “  308c            10 30.60 7.26  0.292 
 72               25 27.84 5.45  23               10 24.00 5.03  0.063 
 “ “ “  390              10 32.20 6.21  0.048 
 “ “ “  308a            10 29.90 4.77  0.304 
 “ “ “  308b            10 32.40 2.40  0.010 a 
 “ “ “  308c            10 30.60 7.26  0.335 
 84               25 29.28 4.40  23               10 24.00 5.03  0.004 
 “ “ “  390              10 32.20 6.21  0.125 
 “ “ “  308a            10 29.90 4.77  0.715 
 “ “ “  308b            10 32.40 2.40  0.138 
 “ “ “  308c            10 30.60 7.26  0.588 
Number of flowers 17               25 6.92 2.64  23               10 5.10 0.99  0.043 
 “ “ “  390              10 5.40 1.43  0.097 
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 “ “ “  308a            10 5.80 2.30  0.250 
 “ “ “  308b            10 4.40 0.54  0.045 
 “ “ “  308c            10 5.80 1.10  0.365 
 72               25 6.28 3.27  23               10 5.10 0.99  0.114 a 
 “ “ “  390              10 5.40 1.43  0.277 a 
 “ “ “  308a            10 5.80 2.30  0.480 
 “ “ “  308b            10 4.40 0.54  0.012 a 
 “ “ “  308c            10 5.80 1.10  0.564 a 
 84               25 7.76 4.51  23               10 5.10 0.99  0.009 a 
 “ “ “  390              10 5.40 1.43  0.117 
 “ “ “  308a            10 5.80 2.30  0.203 
 “ “ “  308b            10 4.40 0.54  0.112 
 “ “ “  308c            10 5.80 1.10  0.349 
Seed weight (mg) 17               30 4.78 0.57  23               30 3.81 0.54  0.001 
 “ “ “  390              30 3.92 0.73  0.001 
 “ “ “  308a            30 4.73 0.58  0.723 
 “ “ “  308b            30 3.91 0.65  0.001 
 “ “ “  308c            30 5.38 1.19  0.018 a 
 72               30 4.63 0.98  23               30 3.81 0.54  0.001 a 
 “ “ “  390              30 3.92 0.73  0.002 a 
 “ “ “  308a            30 4.73 0.58  0.633 a 
 “ “ “  308b            30 3.91 0.65  0.001 a 
 “ “ “  308c            30 5.38 1.19  0.010 
 84               30 5.42 0.52  23               30 3.81 0.54  0.001 
 “ “ “  390              30 3.92 0.73  0.001 
 “ “ “  308a            30 4.73 0.58  0.001 
 “ “ “  308b            30 3.91 0.65  0.001 
 “ “ “  308c            30 5.38 1.19  0.868 a 
 
a : t-test with equal variances not assumed; all others equal variances assumed  
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