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Abstract Alien plants are subjected to different

biotic and environmental barriers that limit their

establishment success in the introduced range. Pseud-

otsuga menziesii (Douglas fir), a native conifer from

Northwest America, is considered one of the most

invasive forestry conifers in Europe. However, little is

known about the ecological filters that constrain plant

establishment at early life-cycle stages and differences

in habitat invasibility to this species. We conducted

field experiments to compare the establishment

potential (i.e. post-dispersal seed removal, seed ger-

mination, seedling survival and growth) of Douglas fir

in beech forests, holm-oak forests and heathlands; and

compared it with the taxonomically close native

conifer Abies alba (Silver fir). Douglas fir seeds were

more removed than Silver fir in holm-oak and in

heathlands. In all habitats, seed germination was

significantly higher for Douglas fir compared to that of

Silver fir and, seedling mortality was extremely high

in both species due to soil disturbance by wild boars

and drought stress. Douglas fir mortality was only

lower than Silver fir in beech forests. However,

species did not differ in seedling growth. Overall,

the probability of invasion success of Douglas fir

decreased along the sequential stages of plant estab-

lishment in all habitats. Only high seed germination

rates of Douglas fir would predict its high invasive

capacity but these advantages are counterbalanced by

high seedling mortality. Results showed a mismatch

between invasibility and current pattern of Douglas fir

invasion in the study area. Therefore, future research

focused on seed production and on different compo-

nents of biotic resistance is recommended to eluci-

date which processes are favoring its establishment

success.

Keywords Abies alba � Germination � Invasibility �
Pseudotsuga menziesii � Seed removal �
Seedling survival

Introduction

Alien plants are subjected to different biotic and

environmental barriers that limit their establishment

success in the introduced range (Lonsdale 1999).

Many of these barriers have an effect on early life-

cycle stages. For example, by limiting the supply of

seeds due to seed consumption by native fauna

(McCay and McCay 2009), or also, by controlling

seedling establishment either caused by unfavor-

able climatic conditions (Lambrinos 2002) or by
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competition with native plants (Dietz et al.1999). As in

native plants, these ecological barriers vary spatially

and temporally (Schupp 1988; Vilà and Lloret 2000;

Traveset et al. 2003). For instance, post-dispersal seed

removal varies among habitats, which can be more

intense in areas far from alien conifer plantations than

in others close to them (Nuñez et al. 2008).

There are studies that have compared differences in

the establishment traits between alien and native

congeners in the introduced range (Shafroth et al.

1995; Lambrinos 2002; Ferreras and Galetto 2010) to

better understand the invasion potential of the alien

species (i.e. invasivenesss), and to determine differ-

ences in habitat susceptibility to invasion (i.e. invasi-

bility) (Pyšek and Richardson 2007). For this purpose,

experiments are the best approach to disentangle the

mechanisms of invasion (Sol et al. 2008). Further-

more, these experiments need to link the causal

relationships of invasion, from seed dispersal to

seedling establishment, in the introduced range (Vilà

et al. 2006; Vilà and D’Antonio 1998) and compare

them to that of native species.

Several conifer species are invasive in many

regions of the world, mainly in the Southern Hemi-

sphere (Richardson and Rejmánek 2004). There has

been a fair amount of research on seed and seedling

traits concerning conifer invasiveness (Grotkopp et al.

2002; Richardson and Rejmánek 2004), but differ-

ences in the ecological barriers that constrain their

establishment have been less explored, with the

exception of biotic resistance through herbivory by

native fauna (Lombardero et al. 2008; Nuñez et al.

2008; Carrillo-Gavilán et al. 2010). Pseudotsuga

menziesii Mirb. Franco, the Douglas fir, is considered

one of the most invasive forestry conifer species of the

world (Richardson and Rejmánek 2004). Douglas fir is

reported as invasive in areas close to plantations in

New Zealand (Kay 1994), South Africa (Richardson

and Higgins 1998), Argentina and Chile (Simberloff

et al. 2010). For instance, Douglas fir invasion is

facilitated by deer browsing on native plants (Relva

et al. 2009) and by the presence of below ground

mutualisms (Nuñez et al. 2009) in Argentina. In

Europe, it is naturalized in several countries (Carrillo-

Gavilán and Vilà 2010). According to previous studies

(Richardson and Bond 1991; Sarasola et al. 2006), the

most suitable habitats to be invaded by this sort of alien

conifers would be grasslands and shrublands followed

by open forests and, finally, by closed forests.

To assess how Douglas fir establishment is modu-

lated by its interaction with the host community, we

conducted field manipulation experiments during the

early life-cycle stages (i.e. post-dispersal seed removal,

seed survival, seed germination, seedling survival and

growth) and compared them with a taxonomically close

native conifer Abies alba (Silver fir) as a baseline

species. Our main objectives were: (a) to know which

habitats, close to Douglas fir plantations, have the

highest invasibility, (b) to assess the main ecological

barriers limiting Douglas fir establishment, (c) to

determine how different these patterns are compared

to a taxonomically close, coexisting native conifer

species. Given the current wide distribution of Douglas

fir plantations in Europe, this study can contribute to

habitat risk assessment to invasion when this species is

introduced for afforestation.

Materials and methods

Study area

The study area is located in the Montseny Natural Park

in Barcelona-Spain (latitude 41�420–41�520N, longi-

tude 2�160–2�330E), a 40,000 ha mountainous area

declared a UNESCO Biosphere Reserve in 1978.

Montseny encompasses a wide climatic gradient, from

a Mediterranean to a subalpine climate, and conse-

quently a large phytogeographic range (Peñuelas and

Boada 2003). At medium and high altitudes (800–1,700

m.a.s.l.), the mean annual rainfall is 1,148 mm and

mean annual temperature is 8.7�C (means for the

2007/10 period, Can Lleonart meteorological station).

This area hosts the most extensive southern European

distribution areas of Fagus sylvatica (beech) forests and

the western distribution of Calluna vulgaris heathlands

(Bolòs and Vigo 1990). Also, Montane Quercus ilex

(holm-oak) forests occur at the lowest altitudinal ranges

(\800 m.a.s.l.), with a mean annual rainfall of 943 mm

and mean annual temperature of 11.7�C (means for the

2007/10 period, Fontmartina meteorological station).

The experiments were conducted in the following

habitat types: beech forests, holm-oak forests and

heathlands (n = 4 sites/habitat). We chose these types

of habitat because of their close proximity to Douglas fir

plantations and therefore potentially vulnerable to

invasion. Sites were 0.2–3 km apart. These habitats

differ in vegetation structure and light availability, and
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seed remover community (Torre and Arrizabalaga

2009). In each habitat, 3 plots of 10 9 10 m were

randomly chosen to measure the diameter at breast

height (DBH, cm) in all individual trees, and light

availability was measured at the soil surface as photo-

synthetically active radiation (PAR, lmol s-1 m-2)

using a portable light meter (Sunfleck Ceptometer,

Decagon, Pullman, USA). The main seed remover in all

three habitats is Apodemus sylvaticus, followed by

A. flavicollis. Other less frequent seed removers are

Myodes glareolus (beech and holm-oak forests), Mus

spretus (holm-oak), Microtus agrestis (heathlands) and

Glis glis (beech) in the Montseny (I. Torre, personal

communication).

Study species

Pseudotsuga menziesii var. menziesii (Mirb.) Franco

(Pinaceae) (Douglas fir, hereafter) is a conifer of

Northwestern American origin and an invasive species

in many parts of the world where it has propagated

from plantations (Richardson and Rejmánek 2004).

The first published records of Douglas fir introductions

in Europe were in the Czech Republic (1842),

Germany (1900), Denmark and the U.K (1940)

(Carrillo-Gavilán and Vilà 2010). In Montseny Nat-

ural Park, it was introduced during the 1950s and

throughout the following decades, when marginal

croplands were transformed to tree plantations of

mainly fast growing alien conifers (Boada 2000).

Douglas fir was one of the most planted species in

Montseny with 230 scattered plantations (Boada and

Broncano 2003) with a total area of 250 ha. At present,

Douglas fir is considered a naturalized species (sensu

Pyšek et al. 2004; Hulme 2011) in adjacent heathlands

but not in beech or holm-oak forests in Montseny,

which are also adjoined to plantations (Broncano et al.

2005). According to Broncano et al. (2005), an

incipient expansion of Douglas fir is observed in one

of the 230 plantations, which approximately covers an

area of 22 ha. Therefore, observational surveys sug-

gest that invasibility might be low in these forest types.

Abies alba P. Mill (Silver fir, hereafter) is a native

conifer in Montseny where it represents the southern-

most European distribution site for this species. In

Montseny, the presence of Abies alba is a relict since

the last glaciations. According to historical records

this species was more abundant in the past, but

intensive exploitation up to the beginning of the

twentieth century reduced and fragmented its distri-

bution (Llobet 1990). In the present there are only

three relict natural populations of Silver fir occupying

a total of 28.5 ha surrounded by beech forests and

heathlands (Boada and Broncano 2003), where

recruitment of seedlings is observed in tree fall gaps

and areas with bare soil (Carrillo-Gavilán, personal

observation). Although other native Pinaceae species

exist, either in natural woodlands or in plantations,

such as Pinus pinaster, P. nigra spp salzmanii,

P. pinea, P. sylvestris and P. halepensis (Boada and

Broncano 2003), we chose to compare A. alba with

Douglas fir because both species are grouped in the

subfamily Abietoideae. Furthermore, according to

Wang et al. (2000) and Besendorfer et al. (2005), the

genus Abies is more closely related to Larix and

Pseudotsuga than to Picea and Pinus. For this reason,

they have similar dispersal mechanisms, reproductive

phenology and climatic requirements (López-

González 2002). For instance, Douglas and Silver fir

seeds are primarily dispersed by wind and gravity in

autumn while in second stage, dispersal could be

promoted by mice, chipmunks or squirrels (Hemstrom

et al. 1987; Wolf 2003).

To conduct our study, we purchased seeds from the

Intersemillas nursery, Spain (http://www.intersemil

las.es) because field collection attempts in previous

years provided few viable seeds. However, this was of

little concern since our focus was to compare the

potential for seedling establishment between the two

species under a range of different ecological condi-

tions rather than documenting actual local rates of

establishment.

For each species, 20 seeds were randomly chosen to

measure fresh seed mass. Coat strength was also

estimated following Rogerdson’s (1998) protocol with

a Chatillon Universal Force Tester (Amtek/Chatillon,

Largo, Florida, USA).

Seed removal

To test differences in post-dispersal seed removal

(seed removal, hereafter) in Autumn 2008, we delim-

ited a 100 9 100 m plot at each site where we placed

five 50 m long transects. In each transect, we placed

20 seeds of each species randomly chosen from a pool

of seeds. Each seed was glued to a piece of nylon

fishing line, tied to a wire stake (Schupp 1988) and

placed on the ground surface keeping a distance of
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approximately 3 m between each other. A total of

1,200 seeds (50 seeds 9 2 species 9 3 habitats 9 4

sites) were surveyed for seed removal after 2, 6, 13, 20

and 27 days. Since conifer seeds are more successfully

dispersed through their primary dispersal—wind and

gravity—(Hemstrom et al. 1987; Wolf 2003), and less

so through secondary dispersal (Ordóñez and Retana

2004), we considered either missing seeds or the

presence of seed coat remnants as evidence of seed

removal. We finished the experiment when after two

consecutive visits the seed removal curves did not

vary. After that day all remaining seeds were removed

from the field.

We conducted two analyses. First, we tested for

differences in percentage of removed seeds at the end

of the experiment among habitats and between species

using a Generalized Mixed Lineal analysis on SAS

macro GLIMMIX (Littell et al. 2006) applying a

binomial error and a logit link function. Habitat

(n = 3), species (n = 2) and habitat 9 species inter-

action were considered as fixed effects. Site and

site 9 habitat interaction were considered as random

factors. Second, as in many other studies (e.g. Aerts

et al. 2006), seed removal time was analyzed using a

time to event approach (Altman and Bland 1998). In

our study the event is seed removal, which is linked to

escape from predation and therefore, this data is

conventionally called seed survival time (Aerts et al.

2006). Differences in mean seed survival time among

habitats and between species were compared with the

Gehan-Wilcoxon test (Pyke and Thompson 1986).

The software SPSS 13.0 was used for survival analysis

(SPSS Inc., Chicago, Illinois, USA).

Seed germination

In November 2008 we buried 10 metallic bags of

10 9 10 cm and 0.2 cm fine mesh per species, at a

2 cm depth in each site. Each bag contained 10 seeds

per species. Bags rested flat, so that all seeds were in

direct contact with the soil. In total 2,400 seeds were

buried (10 seeds 9 10 bags 9 2 species 9 3 habi-

tats 9 4 sites). In July 2009, 240 days after sowing,

we retrieved the bags, and seeds were checked in the

laboratory. They were considered to have germinated

when the radicle and/or the cotyledon had emerged

from the seed coat.

Differences in the percentage of germinated seeds

in each bag among habitats and between species were

analyzed using SAS macro GLIMMIX applying a

binomial error and logit link function. Habitat (n = 3)

and species (n = 2) were considered as fixed factors

while site (n = 4) and site 9 habitat interaction were

considered as random factors.

Seedling survival and growth

In February 2009, we transplanted 1 year old seed-

lings grown at a nursery (Centre de Jardineria Sils,

http://www.jardineriasils.com, Girona, Spain) to each

site, and thirty seedlings per species were randomly

planted 3 m apart from each other along transects. In

total, 720 seedlings were planted (30 seedlings 9 2

species 9 3 habitats 9 4 sites) in this way. Seedlings

were examined 1 month after being planted and those

that had died from transplant shock were excluded

from the experiment. Seedling survival was recorded

every month until June 2010. Plant height was mea-

sured before summer drought (July 2009 and June

2010, i.e. 5 and 16 months after transplanting,

respectively) and after the first autumn rains (October

2009, i.e. 8 months after transplanting).

Seedling survival time was calculated through

Kaplan–Meier estimations and differences in mean

survival time among habitats and between species

were compared with the Gehan-Wilcoxon test (Pyke

and Thompson 1986).

Differences in seedling relative growth rate (i.e.

relative increase in height of surviving seedlings

between two consecutive monitoring times) were also

analyzed with the macro GLIMMIX with the same

fixed and random factors as mentioned in the seed

germination analysis above, but applying a normal

error and identity link function instead. Due to high

seedling mortality in the holm-oak stands at the

beginning of the experiment (see results), we per-

formed comparisons of seedling growth between

beech forests and heathlands at 5 months after trans-

plantation, and only between species within beech

forests at 10 months and at the end of the experiment.

Probability of transition from seed to seedling

In order to link the different stages of the early life-

cycle, we estimated the probability of a seed becoming

an established seedling, for each habitat type, in both

conifer species (i.e. probability of recruitment). The

model assumed that the probability of a seed achieving
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recruitment can be estimated as the product of the

previous elemental transition probabilities (Herrera

et al. 1994; Vilà and D’Antonio 1998). We assumed

that this model is independent of propagule pressure

(i.e. seed production); the sequential recruitment

stages considered were seed survival, seed germina-

tion and seedling survival.

Results

Habitat and conifer species characterization

Diameter at breast height of trees was significantly

bigger in beech than in holm-oak forests (16.7 ± 0.8

and 9.4 ± 0.36 cm, respectively; t test: t = 9.3,

df = 627, P \ 0.0001). Heathlands were dominated

by shrubby shaped Juniperus communis, whereas

beech and holm-oak forests had a low understory

cover. Light availability (PAR, lmol s-1 m-2) at soil

surface was significantly different among habitats

(Kruskal–Wallis test; v2
2 = 118.7, P \ 0.0001), being

much higher in heathlands (928 ± 28) compared to

holm-oak (51 ± 11) and beech forests (53.8 ± 13).

On the other hand, the two conifer species differ in

seed mass (t test: t = 12.04, df = 38, P \ 0.0001) and

seed coat thickness (t test: t = 12.18, df = 38,

P \ 0.0001). Seed mass is larger in Silver fir (0.03 ±

0.001 g) than in Douglas fir (0.01 ± 0.0006 g). Seed

coat strength is also greater in Silver fir (16.7 ±

0.97 g) than in Douglas fir (4.1 ± 0.33 g).

Seed removal

Overall, seed removal was not very intense in all three

habitats. At the end of the experiment, of the 1,200

seeds deployed per species, only 20.5% were

removed. There were significant differences between

species (F1,9 = 6.56, P = 0.03) but not among hab-

itats (F1, 6 = 0.84, P = 0.47). There was a significant

habitat 9 species interaction (F2,9 = 4.15, P = 0.05)

indicating that Douglas fir seeds were removed more

frequently than Silver fir seeds in holm-oak and

heathlands, whereas in beech forests this difference

was not significant (Fig. 1a).

There were differences in seed survival time

among habitats (v2 = 16.48, df = 2, P = 0.0002)

and between species (v2 = 9.19, P = 0.002), being

significantly longer in beech forests, followed by

holm-oak forests and heathlands. Also, seed survival

time of Silver fir was longer than Douglas fir (Fig. 1b).

Referring to differences within habitats, seed survival

time was significantly shorter in Douglas fir than in

Silver fir in heathlands (v2 = 8.17, P = 0.004) and

in holm-oak forests (v2 = 9.38, P = 0.002) but not in

beech forests (v2 = 1.07, P = 0.3) (Figs. 1b, 2).

Seed germination

There were significant differences in germination rates

between species (F1, 8 = 19.05, P = 0.002), yet none

were found among habitats (F2, 6 = 0.22, P = 0.80).

Also, habitat 9 species interaction was not significant

(F2, 8 = 0.07, P = 0.93). In all habitats, the percent-

age of seed germination was significantly higher in

Douglas fir than in Silver fir (Fig. 1c).

Fig. 1 (a) Post-dispersal seed removal (LS means ? SEM),

(b) seed survival time (mean ? SE) and (c) seed germination

(LS means ? SEM) for Abies alba and Pseudotsuga menziesii in

three habitat types. Asterisks indicate significant differences

between species (* P \ 0.05 or ** P \ 0.005) within habitats

Establishment constraints of an alien 1283

123



Seedling survival and growth

Seedling survival was very low in holm-oak forests

due to soil disturbance by native fauna. In this habitat,

wild boars pull up more than 50% of seedlings

3 months after transplantation, and by the end of the

experiment all seedlings had died.

In heathlands and beech forests drought stress

seemed to be the main barrier against seedling

survival. In heathlands, only 4% of seedlings survived

after the summer, while, in beech forests, seedling

survival were less than 40% (Fig. 3).

Overall, at the end of the experiment, seedling

survival time was significantly different among hab-

itats (v2 = 319.8, df = 2, P \ 0.0001). Survival time

was longer in beech forests and shorter in holm-oak

forests (Fig. 4). There were differences between

species (v2 = 25.4, P \ 0.0001) with Silver fir seed-

lings having longer survival time than Douglas fir.

Likewise, these differences between species were

also observed within habitats (beech: v2 = 8.77, P =

0.003; holm-oak: v2 = 11.6, P = 0.0006; and heath-

lands: v2 = 6.05, P = 0.013) (Fig. 4).

Due to high seedling mortality, seedling relative

growth rate could not be analyzed in holm-oak forests.

Overall, 5 months after transplantation, relative

growth rate was very low in both species (Douglas

fir: 0.009 ± 0.01; and Silver fir: 0.022 ± 0.01 cm).

There were no significant differences between species

Fig. 2 Seed survival curves (mean ± SE) of Abies alba and

Pseudotsuga menziesii in (a) beech forests, (b) holm-oak forests

and, (c) heathlands

Fig. 3 Seedling survival curves of Abies alba and Pseudotsuga
menziesii in (a) beech forests, (b) holm-oak forests and,

(c) heathlands
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(F1, 468 = 0.75, P = 0.38) or between beech forests

and heathlands (F1, 6 = 0.4, P = 0.55). In beech

forests, relative growth rate was not significantly

different between species, both 8 months after trans-

plantation (F1, 234 = 0.68, P = 0.41) and at the end of

the experiment (F1, 237 = 2.36, P = 0.12).

Transition from seed to seedling

Overall, the probability of one seed becoming an

established seedling was very low for both conifer

species (Fig. 5). In beech forests, approximately 4% of

Douglas fir seeds and 5% of Silver fir seeds of initial

seed sets become established seedlings (Fig. 5a). In

heathlands, Douglas fir showed a higher probability of

survival than Silver fir (0.4 and 0%, respectively) due

to a higher germination rate, while in holm-oak

forests, survival was null for both species.

Discussion

The probability of invasion success of Douglas fir

decreased along the sequential stages of establishment

in all habitats, showing the best performance in beech

forests. The higher germination capacity of Douglas fir

seemed to predict a better establishment success

compared to Silver fir. However, pressures by native

fauna and drought stress are potential mechanisms

behind seedling mortality limiting their establishment

of both conifer species.

In Douglas fir, seed removal was not very intense in

any habitat compared to its native range (Huggard

and Arsenault 2009) or with other conifer species

(Borchert et al. 2003; Peters et al. 2004; Carrillo-

Gavilán et al. 2010). Seed removal was similar among

habitats despite of the fact that the three habitat types

analyzed were located at different altitudes. These

results do not match with previous studies, which have

observed that small mammal abundance decreases

with altitudinal gradients (Torre and Arrizabalaga

2009). The low seed removal rates might be due to

seed satiation (Stowe et al. 2000) as the experiment

coincided with seed dispersal of many native plant

Fig. 4 Seedling survival time (mean ? SE) of Abies alba and

Pseudotsuga menziesii in three habitat types. Asterisks indi-

cate significant differences between species (*P \ 0.05,

**P \ 0.005) within habitats

Fig. 5 Probability of survival along each establishment stage of

Abies alba and Pseudotsuga menziesii in (a) beech forests,

(b) holm-oak forests and, (c) heathlands
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species. Moreover, seed removers might have a higher

preference either towards holm-oak acorns (Gómez

2004; Espelta et al. 2009) or beech nuts, which are

larger than fir seeds.

Douglas fir germination rates were high and did not

differ between habitats despite large differences in

vegetation structure and light availability. This is in

accordance with other field studies where Douglas fir

seedling emergence was very homogeneous under

different microsites (Dunne and Parker 1999). In spite

of this, our seed germination rates should be consid-

ered with caution. Since they come from a nursery, our

seed sample might be causing an overestimation of

this parameter attributable to a higher quality of seeds.

Nonetheless, seed germination was higher in Douglas

than in Silver fir. Silver fir’s sensitivity to other

environmental stresses such as drought (Gradečki and

Poštenjak 2001), might be the cause of its low

germination rates. In this context, a recent review by

Pyšek and Richardson (2007) reveals that alien species

are generally reported to germinate earlier, better and

in a wider range of conditions than native species.

Since many seedlings disappeared in holm-oak

forests due to soil disturbance by wild boars, native

fauna might be a potential mechanism limiting the

establishment of seedlings in this forest type. In

contrast, in beech forests and in heathlands, seedling

mortality due to summer drought stress (Alpert et al.

2000) was a prominent ecological filter for both native

and alien plant species as has been reported in other

Mediterranean regions (Dunne and Parker 1999; Rey

and Alcántara 2000; Domènech and Vilà 2006).

The higher seedling survival in beech forests

compared to other habitats might suggest a better

establishment success of Douglas fir in this habitat,

and therefore a higher invasibility in comparison to the

other habitat types. However, Douglas fir is considered

a pioneer species that prospers in partial shade, but

once established it requires strong light availability

(Hermann and Lavender 1999). As with most alien

conifers, non-disturbed forests are resistant com-

munities to invasion (Richardson and Bond 1991;

Sarasola et al. 2006). Simberloff et al. (2002) observed

that Douglas fir did not establish itself into closed forest

plantations. Therefore, we would expect invasibility to

decrease in beech forests in subsequent stages (Caccia

and Ballaré 1998), except in natural gaps (Spies and

Franklin 1989) or if forests are intensively managed. If

disturbance occurs and resources fluctuate (Davis et al.

2000) this species might naturalize, even if currently

there is no evidence of seedling establishment in this

forest type.

Conifer traits such as a short juvenile period, a short

interval between large seed crops, a small seed mass

(Rejmánek and Richardson 1996; Richardson and

Rejmánek 2004) and fast relative growth rate

(Grotkopp et al. 2002) are correlated with high

invasion success. Differences in seedling survival

time between conifer species might be explained by

the seed-seedling conflict (Schupp 1995), for which

small seeded species have better dispersal capacity but

low seedling survival due to lower investment in

reserves than large seeded species. Small seeded

species such as Douglas fir tend to produce large seed

crops to counterbalance the low survival probability

from seed to adulthood, which would be expect due to

small seed mass (Moles and Westoby 2004).

According to Greene and Johnson (1999), seed

production in trees is inversely proportional to seed

mass. Large Douglas fir seed crops in the UK are

produced every 4–6 years (Wilan 1985). Hermann and

Lavender (1999) estimate that seed production is

about 2.2 kg/ha, which varies widely among years;

Gashwiler (1969) estimates annual mean seed dis-

persal to be around 3x105 seeds/ha in the northwest of

the United States. While seed production of Silver fir

seems to be lower than Douglas fir, it also varies

highly among years. For example, seed production

varied markedly in two consecutive years from 59.6 to

118.8 seeds/m2 in the French Alps (Sagnard et al.

2007).

In conclusion, our results showed that the proba-

bility of establishment of both fir species decreased

along the early life-cycle stages in all habitats. Soil

disturbance by native fauna in holm-oak forests and

drought stress in heathlands might be the mechanisms

controlling seedling establishment. Douglas fir per-

formed better in beech forests where seed survival,

seed germination and seedling survival were higher

than in the other habitats. Only the higher germination

capacity of Douglas fir seemed to predict a better

establishment success compared to Silver fir. Cur-

rently, Douglas fir is only naturalized in heathlands

(Broncano et al. 2005). This indicates that there is a

mismatch between the degree of invasion observed in

Montseny by Douglas fir and our invasibility assess-

ment. This mismatch might predict that the Douglas fir

establishment observed in heathlands is a consequence
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of a higher seed rain from adjacent plantations which,

coupled with its high germination capacity, might

predict its invasion success. This is in accordance with

the importance that propagule pressure has on inva-

sion success (Lockwood et al. 2005; Colautti et al.

2006, but see Nuñez et al. 2011). Many conifer species

that escape from plantations and become invasive are

often those that have been cultivated the most widely

and for the longest time (Křivánek et al. 2006).

However, a recent study reveals that propagule

pressure in 80-year old woody species’ plantations is

not the key to predict invasion (Nuñez et al. 2011). In

this sense, climate and biotic resistance seem to be two

of the most important components to predict the

invasion success of conifer species in the introduced

range (Haugo 2010; Essl et al. 2011; Nuñez and

Medley 2011). Therefore, we highlight the need for

future research to focus on seed production and on

other components of biotic resistance, that were not

explored in this study (Nuñez and Medley 2011), to

determine the invasiveness of Douglas fir and the

invasiblity of different habitats to this conifer.
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