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R. Vargas • S. Gärtner • M. Alvarez • E. Hagen • A. Reif

Received: 8 June 2012 / Accepted: 4 March 2013 / Published online: 15 March 2013
� Springer Science+Business Media Dordrecht 2013

Abstract Invasive plant species are major drivers of biodiversity losses, especially on

islands which are prone to invasions and extinctions. In the ‘‘endemic montane forest’’ of

Robinson Crusoe Island (Pacific Ocean, Chile) invasive exotic plant species threaten

conservation efforts by establishing in gaps and outcompeting native tree species regen-

eration. We compared gap attributes and ground vegetation cover in three gap types: those

dominated by native species (\5 % cover of invasive species), invaded gaps ([30 % cover

by invasive species), and treated gaps (invasive species removed). We examined (a) which

gap attributes favored native and exotic species, (b) the relationship between gap size and

species richness, and (c) species responses to invasion and treatment. Gaps ranged in size

from 46 to 777 m2 caused mainly by uprooted and snapped trees. Multi response per-

mutation procedures showed a different floristic composition between natural, invaded and

treated gaps. The presence of Myrceugenia fernandeziana (native species) and Aristotelia
chilensis (invasive species) as gap border trees was positively and negatively correlated

with native species richness, respectively. New gaps had more native species than old gaps,

and smaller gaps contained relatively more native species than larger ones. An increase in

invasive species cover was related to a decline in native species cover and richness.

1–6 years after treatment gaps tended to recover their native floristic composition. Highly

effective conservation management programs will concentrate on monitoring gap creation,

early control of invasive species, and by treating smaller gaps first.
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Introduction

Invasive plant species are important globally as drivers of biodiversity losses (Kueffer et al.

2010). In contrast to mainland ecosystems, islands contain smaller floras characterized by

species unable to take advantage of resources that suddenly become available due to

disturbances. These plant communities are easily invaded and less resilient (Denslow

2003). Islands make up only 3.6 % of the world’s terrestrial surface but account for 26.1 %

of the known vascular plant species (Kier et al. 2009). Plant endemism and extinction rates

are higher on oceanic islands underscoring their importance for species preservation and

suitability for species conservation efforts (Kier et al. 2009).

Robinson Crusoe Island (RCI, Juan Fernández Archipelago; 338S 788W, Pacific Ocean,

Chile) has more endemic species per unit area that any other island in the world (1.9

species/km2, Bernardello et al. 2006). Currently [65 % of all vascular plant species on

RCI (292 of 441) are naturalized exotics (Danton and Perrier 2006).

Natural and anthropogenic disturbances, such as gap creation, facilitate the establish-

ment and naturalization of exotic species because in gaps competition from native species

and their ability to capitalize on available resources is low (Denslow 2003). In the

‘‘endemic montane forests’’ of RCI (Greimler et al. 2002) the main natural disturbances are

tree-fall canopy gaps (Vargas et al. 2010). Similar to other forest ecosystems, gaps on RCI

are important for the maintenance of vascular plant species richness (Brokaw and Busing

2000; Schnitzer and Carson 2001). Therefore, understanding gap dynamics is especially

relevant for conservation considering that most endangered plant and land bird species, all

endemic, occur in the montane forests (Vargas et al. 2011).

Since the discovery of RCI in 1574 native species have been affected by land clearing

fires, selective timber harvesting, and introduced animal and plant species that became

feral and invasive (Skottsberg 1953). Their impacts contributed to the extinction of at least

five endemic plant species during the last century e.g. Santalum fernandezianum (San-

talaceae) around 1910, and Robinsonia berteroi (Asteraceae) in 2004 (Danton and Perrier

2006). Currently 115 of the islands 149 native vascular plant species are classified as

vulnerable, endangered or critically endangered (IUCN, Danton and Perrier 2006).

Moreover, population declines in the endemic birds, Juan Fernández firecrown (Sephan-
oides fernandensis) and Juan Fernández tit-tyrant (Anairetes fernandezianus), have been

attributed to habitat loss, predation by introduced mammals, and forest degradation by

invasive plant species (Hahn et al. 2011).

The most invasive exotic plant species in the montane forests are Aristotelia chilensis
(Eleocarpaceae) and Rubus ulmifolius (Rosaceae) (Dirnböck et al. 2003). These species

produce berries which are dispersed by gravity, wind and the native Austral thrush (Turdus
falcklandii magellanicus) (Skottsberg 1953; Smith-Ramirez et al. 2013). Once established

at lower altitudes (200–250 m.a.s.l) these plant species can spread asexually eventually

becoming invasive in open shrublands (Skottsberg 1953), or by colonizing canopy gaps in

forests (Vargas et al. 2010; Arellano 2011).

Once established, exotic species can influence species composition, site conditions and

disturbance regimes, including canopy gap creation frequency and attributes (Hobbs et al.

2006; Vilà et al. 2011). Greimler et al. (2002) estimated that circa 36 % of the RCI

montane forest was affected by invasive species. Once woody invasive species become
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established in an area their removal and the restoration and recovery of native vegetation in

the area can be technically challenging and costly (Tassin et al. 2006). On RCI since 2004

invasive plants have been removed from forest gaps containing critical nesting habitat for

the endangered endemic Juan Fernández firecrown (S. fernandensis) (Hagen et al. 2005).

After 2–4 years of treatment, these managed gaps have *60 % of the native tree regen-

eration per ha observed in non-invaded natural gaps (Vargas and Reif 2009), however the

recovery of floristic composition and overall species richness and diversity is unknown.

Gap site characteristics like size and topography have different impacts on species

composition (Brokaw and Busing 2000; de Lima and de Moura 2008). The montane forest

canopy gaps on RCI have greater tree and vascular plant species richness than does closed

forest (Vargas and Reif 2009). But gaps also facilitate the invasion of exotic plant species

which hamper the establishment of native species (Arellano 2011). Considering RCI’s

urgent conservation needs, it is important to understand the mechanisms and roles played

by canopy gap attributes and their impacts on native and exotic plant species.

We examined the influence that altitude, slope, gap size and gap border tree attributes

have on plant species richness, abundance and ground vegetation composition in RCI

forests. To understand the effect of invasive species we sampled gaps with a range of

invasive species cover. We categorized the gaps as being: (a) natural gaps with no or

low (\5 %) cover of exotic invasive species, (b) invaded gaps with a significant cover

of exotic invasive species ([30 %), or (c) treated gaps where the invasive exotic plant

species were removed mechanically and chemically as part of a management program.

Our research questions were related to the influence that gap attributes have on endemic

and exotic species richness: (1) which gap attributes foster native and which foster

exotic species richness? (2) What role does gap size play in species richness? And (3)

how do native and exotic plant species respond to plant invasion and management? We

assessed how invasive plant species currently affect forest gap vegetation diversity to

provide immediate management recommendations for the maintenance of native species

richness.

Study area

Robinson Crusoe Island is a part of the Juan Fernández Archipelago National Park, a

UNESCO World Biosphere Reserve considered a biodiversity conservation hotspot (Myers

et al. 2000). Robinson Crusoe Island (RCI; 4,794 ha) is located in the Pacific Ocean,

667 km from mainland Chile, and is the only permanently inhabited island of the Archi-

pelago (ca. 850 inhabitants). The climate of RCI is warm-temperate and humid, with short

dry summers. Mean annual temperature and annual precipitation are 15.3 �C and

1.150 mm respectively (Cuevas and Figueroa 2007). The RCI formed over a volcanic

hotspot about 4 million years ago (Stuessy et al. 1984), the soils developed from colluvial

sediments and ash (Castro et al. 1995). The topography is rugged with few flat areas, the

highest peak El Yunque, reaches 915 m.a.s.l.

The upper and lower endemic montane forest types of RCI (total area 1,014.8 ha,

Smith-Ramirez et al. 2013), have been referred to as the upper and lower Myrtisylva due to

the dominance of the Myrtaceae tree, Myrceugenia fernandeziana (Danton 2006, synon-

ymous with Nothomyrcia fernandeziana Murillo-Aldana and Ruiz 2011). These forests are

habitat for more than 40 endemic plant species which account for around 70 % of the

vascular species endemism and provide more habitat for endangered plant and bird species

than does any other vegetation type on RCI (Hahn et al. 2011; Vargas et al. 2011).
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The study area was located in a forest classified as part of the endemic upper montane

forest communities (250–550 m.a.s.l. Greimler et al. 2002). The forest averages between

900–1,330 trees per hectare (Vargas et al. 2010). The dominant tree layer (12–18 m high)

is largely composed of M. fernandeziana, with emergent Fagara mayu ([20 m) and less

common Bohemeria excelsa and Coprosma pyrifolia. Drimys confertifolia is usually

present in the intermediate layer (6–12 m) where it sometimes coexists with the invasive

exotic A. chilensis, while in the lowest tree layer (\ 6 m) Rhaphithamnus venustus grows.

Frequent in the understory are the ferns Arthropteris altescandes, Megalastrum inaequa-
lifolium and Blechnum cordatum, and the angiosperm species Dysopsis hirsuta, Halorragis
masatierrana and Erigeron fernandezianum (Greimler et al. 2002). In forest gaps the

endemic species Gunnera peltata, Gunnera bracteata and Dicksonia berteroana, and the

invasive species Rubus ulmifolius and A. chilensis are regularly found (Danton and Perrier

2006).

The Plazoleta del Yunque (ca 100 ha, Fig. 1) was selected as a study site where around

one quarter of the forest area is considered to be in a gap phase ([20 m2, Vargas et al.

2010). The site includes gaps containing native species and others that have been invaded

by exotics providing an opportunity for comparisons under relatively similar site condi-

tions. The forest structure and floristic composition were representative of the forest type at

this altitude (Greimler et al. 2002; Vargas et al. 2010), and the abundance of tree regen-

eration suggests that there has been less browsing by introduced mammalian herbivores

than in other parts of the RCI forest (Cuevas 2002).

Methods

Gaps were defined as an interruption in the forest canopy of at least 20 m2 extending

down through all canopy levels to at least two meters above ground (Brokaw 1982). The

gap area was expanded outwards to the bases of the gap border trees that were over 12 m

tall and had a diameter [5 cm at 1.3 m (DBH) (Runkle 1981, 1982). In a pre-survey,

four 100 m transects were sampled in 2008 and two 240 m transects were added in 2010.

Transects were 300 m apart running perpendicular to the slope (forest stand data, see

Vargas and Reif 2009; Vargas et al. 2010). All canopy gaps (n = 46) crossed by the

transects were characterized by their slope position (bottom, middle or upper slope),

origin (fallen tree or landslide), size in m2 (calculated with the ellipse formula using the

longest and shortest diameters measured from the canopy gap border tree boles i.e.,

expanded gap sensu Runkle 1982) and by visually categorizing the degree of invasion as:

‘‘invaded’’ i.e., [10 % cover by exotics inside the expanded gap; or non-invaded with

\10 % cover by exotics. In some of the gaps, the invasives: A. chilensis and R. ul-
mifolius had been removed using cut-stump treatment with Garlon 4� 5 % (Tryclopir)

mixture (Hagen et al. 2005).

Most gaps found along the pre-survey transects were created by tree falls (44 of 46) and

were located mid-slope (33 of 46). Therefore, we additionally sampled 48 gaps created by

tree falls in mid-slope positions. They were stratified into three categories of invasiveness

to contrast extremely invaded gaps with non invaded and treated gaps. Hence we con-

sidered ‘‘natural gaps’’\5 % cover of invasive exotics inside the expanded gap (n = 15),

‘‘invaded gaps’’ [30 % cover of invasive exotic species (n = 16) and ‘‘treated’’ where

invasive exotics were removed (n = 17). We aimed to include a broad gap size range

(\100 to [400 m2) in each category.
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Data collection

For each expanded gap (N = 48) we recorded: (a) topographical and structural attributes,

(b) gap border tree attributes, (c) gapmaker attributes and (d) vegetation cover attributes.

Thus we sampled: (a) altitude (m.a.s.l), slope (%), and gap size (m2), including (b) number

and species of trees forming the gap border, and the (c) number, length and diameter

(average of measurements taken at the butt, middle and top) of the gapmakers, reason for

the demise of the gapmaker (uprooted, snapped, standing dead, cut) and (d) the vascular

plant species cover. The cover was sampled using a modified Braun-Blanquet scale

(Glavac 1996): (1) 0.01 % = 1–2 individuals \1 % cover, (2) 0.5 % = 3–10 individuals

\1 % cover, (3) 3 % = 10–50 individuals\1 % cover, (4) 4 % = [ 50 individuals\5 %

cover, (5) 10 % = 5–15 % cover, (6) 20 % = 15–25 % cover, (7) 37.5 % = 25–50 %

cover, (8) 62.5 % = 50–75 % cover, (9) 87.5 % = 75–100 % cover. The decompositional

state of the gapmakers was evaluated and recorded as: little decay: having intact twigs and

bark; intermediate decay: absence of twigs, fragmented bark; and mostly decayed: absence

of twigs and bark (adapted from Carmona et al. 2002). Within treated and invaded gaps

some trees had been cut. We therefore added the category ‘‘cut’’, as a gapmaker tree (i.e.,

cut A. chilensis). We assumed that the gapmaker decomposition state was related to gap

age and based on this, derived an ‘‘estimated age’’ that we used as an additional structural

attribute: ‘‘new’’, ‘‘intermediate’’ and ‘‘old’’ gaps. The presence of a single mostly decayed

gapmaker log indicated the ‘‘oldest’’ gaps and in the absence of mostly decayed logs, the

next decay category was assigned the ‘‘intermediate’’ or ‘‘newly formed’’ gap age category

(Lertzman et al. 1996). The treated gaps we sampled were removed from invasive species

at least 1 year, and at most 6 years before data collection.

Data analysis

Most variables were not normally distributed therefore we used the non-parametric Kruskal–

Wallis test, and post hoc, pairwise Wilcoxon tests to identify statistical differences among

natural, invaded and treated gaps (Kent and Coker 1992). We considered: (a) topographical

and structural attributes, (b) gap border tree attributes, (c) gapmaker attributes, and

(d) vegetation cover attributes. To enable comparisons between the gaps of different sizes,

variables were scaled to percentages or averages (per gap or per m2), e.g. number of border

trees/m2 of gap area, number of uprooted trees/total gapmaker logs 9 100. Plant species

evenness for each gap was calculated using the Pielou index, which indicates the similarity of

the relative abundance of the species and ranges from 0 (single species dominance) to 1

(equal abundance of all species, maximum diversity) (Stirling and Wilsey 2001). All sta-

tistical analyses were performed with R 2.15 (R Development Core Team 2012).

To visualize floristic composition differences among gap types we carried out non-

metrical multidimensional scaling ordination (NMDS) using Bray–Curtis distance (func-

tion metaMDS Vegan 2.02, R Oksanen et al. 2011). We conducted the analysis for all gap

types together (i.e., natural, invaded, treated), and separately for natural and invaded gaps.

To identify relationships between gap attributes and floristic composition, we fit gap

attributes as explanatory variables onto the species ordination (function envfit; Vegan,

Oksanen et al. 2011). Variables included were: gap types (natural, invaded or treated),

topographical and structural attributes, bordering tree attributes, and gapmaker attributes.

We considered only attributes significantly correlated with the floristic ordination

(r2 [ 0.15; P \ 0.05) and tested significance through 999 permutations using the coeffi-

cient of determination (r2) to choose the best fit (McCune et al. 2002). Multi-response
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permutation procedures (MRPP) were used to test differences in the floristic composition

among gap types using post hoc pairwise comparison (function mrpp in Vegan, Bray–

Curtis distance, 999 permutations, weighted by group size; Oksanen et al. 2011). The

MRPP compares floristic dissimilarities within and among groups. Groups are different if

the average distance within the group samples (i.e., gap type), is less than the average

distance of all possible partitions (permutations) of the whole population (McCune et al.

2002). The agreement statistic ‘‘A’’ describes if the within group homogeneity is higher

than randomly expected. When samples are floristically identical within groups, A reaches

its maximum (A = 1). If within-group heterogeneity equals expectations at random, then

A = 0. P values express the likelihood of getting a difference among groups, similar or

smaller as the observed one within the groups (McCune et al. 2002).

Species richness and cover

To know if the gap size was influencing species richness we used the SLOSS analysis.

This method quantifies whether a single large or several small areas are more suitable to

conserve species richness (SLOSS controversy, see: Quinn and Harrison 1988; Oertli et al.

2002). Species-area accumulation curves were displayed for the gaps ordered from small to

large, and from large to small. An index was obtained by calculating the ratio of the

integrals of the curves displayed (i.e., ‘‘SLOSS-index’’ according to Quinn and Harrison

1988). When large areas support more species than several smaller areas whose combined

surface is similar, SLOSS-index values are \1. Values [1 indicate that smaller gaps

support more species per area (Quinn and Harrison 1988). The analyses for native and

exotic species were done separately (by a SLOSS function written within R 2.15, available

on request). A species coverage accumulation curve was included to analyze the species

cumulative coverage within the gap types following the same SLOSS sorting. To compare

species accumulation among gap types we used the same number of samples selecting 15

gaps per type by randomly removing one invaded and two treated gaps.

Analysis of individual species response

We performed an indicator species analysis to identify taxa associated with natural,

invaded and treated gaps. This procedure selects species representatives of a group,

considering their specificity and fidelity (McCune et al. 2002). The analysis calculates

a species indicator value which integrates the frequency and relative abundance to an

importance value of the species for a group, using the overall largest value to select the

indicator group for each species (Dufrêne and Legendre 1997). A random reallocation

procedure was used to test the significance of the indicator value for each species con-

sidering the probability of obtaining as high an indicator value as observed over 1,000

iterations (Indval, package labdsv 1.4.1; Roberts 2012). Only species with an indicator

value [20 % (P \ 0.05) were considered significant indicator species (Dufrêne and

Legendre 1997). To evaluate how species reacted to invasion and treatment we subtracted

the indicator value of each species on natural gaps (used as reference), from the indicator

value obtained on invaded and on treated gaps. Thus a positive (?) or a negative (-)

change in importance was obtained for invaded and treated gaps corresponding to an

increase or decrease in frequency and abundance compared to the frequency and abun-

dance that each plant species had in natural gaps.
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Results

The studied gaps in the montane forest on RCI were located between 260 and 428 m a.s.l.

Invaded canopy gaps were found, in most cases, on steep slopes while the natural and

particularly the treated gaps were predominantly on more level sites. Gap sizes ranged

from 46 to 777 m2 and there were no significant differences among gap types (Table 1).

The most frequent canopy tree species bordering the gaps was M. fernandeziana,

however its occurrence was significantly lower around invaded gaps (Table 1). Most gaps

were formed by two gapmakers (range 1–7). In natural gaps the gapmakers were thicker

and taller (P \ 0.05; Table 1).

Compared to natural gaps invaded and treated gaps had 44 and 24 % less native species

vegetation cover. There was no significant difference in average species richness (Table 1)

but the maximum number of native as well as of exotic species (18 and 8 respectively)

were found in natural gaps. Species diversity (evenness) was significantly lower in invaded

areas where exotics cover was highest (Table 1).

Floristic composition within the gaps

The floristic differences among gap types were significant in the MRPP (A = 0.19,

P = 0.001). Natural and invaded gaps showed the greatest floristic differences (A = 0.28,

P = 0.001). This gradient in floristic composition can be recognized along the first NMDS

axis (Fig. 2a). Natural and treated gaps were floristically more similar, but still signifi-

cantly different (A = 0.05, P = 0.003). Floristic composition differed between invaded

and treated gaps as well (A = 0.14, P = 0.001). While the floristic gradient from natural to

treated to invasive gaps correlated with the altitude and slope gradient (NMDS axis 1,

Fig. 2a), the floristic differentiation between gap types along the gap size gradient was

much smaller (NMDS axis 2, Fig. 2a).

The isolines in the ordination diagram describe native species richness in the floristic

space, whereby invaded gaps represent areas with lower richness compared to natural gaps

(Fig. 2b). The floristic differentiation between natural and invaded gaps was related to a

different canopy composition around the gaps. Myrceugenia fernandeziana was more

frequent around natural gaps while around invaded gaps the relative frequency of

A. chilensis was higher (Table 1, univariate tests). Recently created gaps (Age.New) had

higher native species richness than older gaps (Age.Interm and Age.Old) that were asso-

ciated with higher degrees of invasion.

Species richness and gap-size

In smaller gaps we found proportionally more native species than in larger gaps (Fig. 3a).

This pattern was constant for all gap types and for overall and native species richness

(SLOSS index [ 1). On the other hand, exotic species covered proportionally more area in

larger gaps (SLOSS index \ 1, Fig. 3b).

When the cover of several smaller gaps was combined it was consistently higher than

the cover in a single large gap of the same area (cumulative species cover, right axis in

grey, Fig. 3). Native and exotic species contributed about 50 % of the overall ground

vegetation cover found. Exotic species contributed the most cover in invaded gaps (ca.

40 % of the 50 % total exotic plant cover found overall gap types). On the other hand,

native species accounted for about 25 % of the 50 % total native species cover in natural

gaps, around 15 % cover in invaded gaps, and ca. 8 % in those treated (Fig. 3 right axis).
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Table 1 Attributes of the 48 gaps sampled in the montane forest of RCI (median and range)

All gaps (n = 48) Natural (n = 15) Invaded (n = 16) Treated (n = 17)

a) Topographical

and structural

attributes

Kruskal–

Wallis

P

Altitude (m.a.s.l) 316 (260–428) ** 320 (260–380) ab 323 (303–428) a 306.5(269–329) b

Slope (%) 37 (2–94) *** 33 (14–85) ab 54 (34–94) a 30 (2–53) b

Area (m2) 162.4 (46–777) n.s 152.7 (82–259) a 198.6 (46–580) a 160.2 (61–777) a

b) Bordering tree species attributes

Bordering trees

(m2)

0.06 (0.01–0.19) n.s 0.05 (0.03–0.1) a 0.07 (0.01–0.2) a 0.08 (0.01–0.17) a

Myrceugenia
fernandeziana (%

of border trees)

68.5 (15–100) *** 80 (70–90) a 49 (15–100) b 67 (40–100) a

Fagara mayu (%) 11 (0–43) n.s 6.5 (0–29) a 10.5 (0–43) a 13 (0–27) a

Drimys
confertifolia (%)

9.5 (0–33) * 10 (0–18) a 19 (0–33) b 7.5 (0–20) a

Bohemeria
excelsa (%)

0 (0–40) * 0 (0–10) a 0 (0–31) ab 6 (0–40) b

Raphithamnus
venustus (%)

0 (0–60) n.s 0 (0–60)a 0 (0–38) a 0 (0–37) a

Aristotelia
chilensis (%)

0 (0–67) ** 0 (0–5) a 13 (0–67) b 0 (0–23) a

c) Gapmaker attributes

Number (No./gap) 2 (1–7) n.s 1 (1–3) a 2 (1–3) a 2 (1–7) a

Diameter (cm) 32 (10–127) * 39.5 (26–127) a 27.2 (24–40) b 24.8 (10–47) b

Mean total length

(m)

8.7 (1.1–23) *** 13.2 (8.6–23) a 7.5 (3–12) b 6.3 (1–12) b

Uprooted (%) 0 (0–100) n.s 0 (0–100) a 50 (0–100) a 0 (0–100)a

Snapped (%) 0 (0–100) n.s 33 (0–100)a 0 (0–50) a 0 (0–50) a

Standing dead (%) 0 (0–100) n.s 0 (0–100)a 0 (0–50) a 0 (0–33) a

Cut (%) 0 (0–100) *** 0 (0–0) a 0 (0–100) a 50 (0–100) b

Undetermined

origin (%)

0 (0–100) * 0 (0–0) a 0 (0–100) b 0 (0–0) a

Gapmaker debris

least decay (%)

50 (0–100) n.s 0 (0–100) a 0 (0–100) a 50 (0–100) a

Gapmaker debris

intermediate

decay (%)

0 (0–100) n.s 0 (0–100) a 0 (0–100) a 0 (0–100) a

Gapmakers debris

most decay (%)

0 (0–100) n.s 0 (0–100)a 0 (0–100) a 10 (0–100) a

d) Vegetation cover and richness inside extended gaps

Native spp. cover

(%)

33.8 (1.5–103) *** 58.5 (17–103) a 15 (1.5–48) b 34.5 (4–83)c

Exotic spp. cover

(%)

18 (0–150.5) *** 3 (0–10.5) a 86.3 (38–151) b 17.5 (0–91.5) c

Native spp.

richness (N8 spp.)

6.5 (3–18) n.s 7 (4–18) a 6 (4–10) a 8 (3–14) a

Exotic spp.

richness (N8 spp.)

2 (0–8) n.s 2 (0–8) a 2 (1–5) a 2 (0–6) a

Evenness (Pielou

index)

0.36 (0.07–0.66) *** 0.42 (0.2–0.6)a 0.28 (0.07–0.43) b 0.42 (0.16–0.6) a

Natural, invaded and treated gaps are compared; significant differences are shown with different letters; n.s= non significant

differences (Kruskal Wallis and post-hoc Wilcoxon test, P \ 0.05)
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Species associated with natural, invaded and treated gaps

We found a total of 46 vascular plant species growing in 48 sampled gaps. Out of the 46

species 36 were native (27 endemic) and 10 exotic. In natural gaps all of the significant

indicator species (7) were either endemic or native (Table 2). The two most invasive exotic

species (A. chilensis, R. ulmifolius) were indicators of invaded gaps whereas in treated gaps

the only significant indicator species was the exotic herb Sonchus oleraceus (Table 2). The

ratio of exotic to native species number increased from 1:21 in natural reference gaps to

2:8 in invaded gaps and to 7:17 in treated gaps.

More than half of all vascular species (mostly native) were either less abundant or

frequent in invaded and treated gaps compared to natural gaps (i.e., negative difference

with reference areas, Table 2). It was mostly exotics and infrequently found native species

that increased their frequency and abundance in treated and invaded gaps (Table 2). Native

species that decreased most in frequency and abundance compared to natural gaps were

M. fernandeziana, A. altescandens, F. mayu, R. venustus and P. macrocarpa. Besides

A. chilensis and R. ulmifolius there were no species that increased their importance more

than 35 % in either invaded or treated areas (Table 2). In treated gaps D. confertifolia
increased in abundance and frequency when compared with natural gaps. In treated gaps a

reduction in abundance and frequency of targeted exotic species could be confirmed for

A. chilensis and R. ulmifolius (with [50 % reduction in importance).
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Fig. 2 NMDS ordination produced with Bray–Curtis distance, based on the composition of vascular flora in
15 natural, 16 invaded and 17 treated gaps in the endemic montane forest of RCI. At left, a Ordination of all
gaps (stress 23.8) showing significant gap attributes (95 %) including gap type (squared correlation
coefficient r2 = 0.35, P = 0.001), altitude (r2 = 0.33, P = 0.002), slope (r2 = 0.46, P = 0.001), gap size
(r2 = 0.19, P = 0.01). b Ordination of natural and invaded gaps (stress 20.8) where isolines represent native
species richness in each gap (ordisurf Vegan; Oksanen et al. 2011) showing significant gap attributes
correlated with the ordination (95 %); ARCH.border: species A. chilensis as border tree (r2 = 0.44,
P = 0.009), MYFE.border: species M. fernandeziana as border tree (r2 = 0.37, P = 0.01), Age.New:
‘‘newly formed gaps’’, Age.Old: ‘‘older gaps’’; Age.Interm: ‘‘intermediate gaps (r2 = 0.21, P = 0.04)
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Discussion

What are the main gap characteristics in the endemic montane forest?

The gap sizes that we measured in the RCI forest (mean: 223.2 m2, range: 46–777 m2) are

comparable to average gap sizes in other south Chilean coastal temperate forests (197 m2,

28–972 m2 in Chiloé Island; Armesto and Fuentes 1988). However the gaps we measured

on RCI were considerably larger when compared to forest gaps on some other oceanic

islands at similar latitudes, for example, in the Juniperus–Laurus forests on the Azores

with (25.1 m2, 4–52.6 m2; Elias and Dias 2009) or those gaps in the Laurisilva forests on

the Canary islands (77.6 m2, 17–125 m2; Arévalo and Fernández-Palacios 1998). Gap sizes

smaller than our study gaps have also been reported for natural gaps on RCI (88.7 m2,

13–368 m2; Arellano 2011). This size difference can be partly explained by our use of the

expanded gap area, which results in larger gap sizes compared with the effective canopy

opening method (Arellano 2011). We used the expanded gap area because gap influences

extend beyond the effective canopy opening (Runkle 1982).

The most common canopy border tree for all gap types was M. fernandeziana. This is

not surprising since the forest type name Myrtisylva comes from this species family

(Danton 2006), and because of the dominance of M. fernandezina which represents[90 %

of stocking and [65 % of basal area (Vargas et al. 2010). But around invaded gaps there

were significantly more individuals of A. chilensis (invasive exotic species). The success of

this invader in gaps can be best explained by its multiple dispersal strategies (mainly

endozoochory by thrush, followed by barochory and wind; Smith-Ramirez et al. 2013).

Natural gaps presented the highest number of native species (18) and exotic species (14

species, with low cover), which suggests that site factors similar to those that determine

natural diversity, may promote exotic species establishment, as has been reported for

tropical forests (Denslow 2003).

Which attributes were associated with native and exotic species?

We found a reduction in species evenness in gaps invaded by exotic species due to the

dominance of A. chilensis and R. ulmifolius. However, there were no differences in

evenness between natural and treated gaps suggesting that species diversity tends to

increase after treatment. The floristic composition in the canopy gaps of the RCI forests

was most different between invaded gaps and natural gaps while treated gaps showed

an intermediate position in the floristic space. This suggests that when A. chilensis and

R. ulmifolius were removed, the floristic composition tended to revert to a pre-invasion

state. However, in our case, this recovery was not complete because natural and treated

gaps still had significantly different floristic compositions (1–6 years after treatment).

The ordination revealed a floristic differentiation between the different gap types due to

slope, altitude and size. It has to be taken into account that gap treatment (invasive plant

Fig. 3 Cumulative species-area curves of Canopy gaps in the endemic montane forest of RCI. a Native,
b exotic, and c all vascular species are represented separately for: all gaps, natural gaps, invaded gaps and
treated gaps. Dotted lines represent gaps ordered by size, from small to large, and continued lines represent
gaps ordered from large to small. In grey (right axis) the cumulative species cover (i.e. cumulative species
cover in each gap) is shown. The SLOSS or Saturation index was calculated according to Quinn and
Harrison (1988). Where SLOSS-index is[1, smaller gaps gather more species for the same cumulative area;
where SLOSS-index is \1, larger gaps accommodate more species than smaller ones

b
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Table 2 Results of indicator species analysis

Species Indicator value P.valueGap typeDifference with reference gapsDist.No.

Myrceugenia fernandeziana
Arthropteris altescandes
Pleopeltis macrocarpa
Fagara mayu
Raphithamnus venustus
Blechnum mochaenum
Adiantum chilense
Uncinia douglasii
Polypodium intermedium
Gunnera peltata
Halorragis masatierrana
Megalastrum inaequalifolium
Dysopsis hirsuta
Hymenophyllum ferrugineum
Gunnera bracteata
Lardizabala biternata
Peperomia berteroana
Thyrsopteris elegans
Lophosoria quadripinnata
Machaerina scirpoidea
Hymenophyllum sp

Aristotelia chilensis
Rubus ulmifolius
Blechnum schotti
Pteris berteroana
Blechnum cycadifolium
Hymenophyllum plicatum
Trichomanes ingae
Dicksonia berteroana

Sonchus oleraceus
Drimys confertifolia
Blechnum hastatum
Blechnum cordatum
Rumohra berteroana
Polystichum tetragonum
Myosotis sylvatica
Juncus spp
Poa pratensis
Histiopteris incisa
Boehmeria excelsa
Acaena argentea
Coprosma pyrifolia
Erigeron fernandezianum
Rumex spp
Oenothera rosea
Sonchus asper

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

E
E
E
E
E
N
N
E
E
E
E
E
E
N
E
Ex
E
E
N
E
N

Ex
Ex
E
E
E
N
E
E

Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat
Nat

Inv
Inv
Inv
Inv
Inv
Inv
Inv
Inv

Treat
Treat
Treat
Treat
Treat
Treat
Treat
Treat
Treat
Treat
Treat
Treat
Treat
Treat
Treat
Treat
Treat

0.001
0.001
0.001
0.006
0.009
0.011
0.028
0.095
0.110
0.121
0.238
0.260
0.260
0.298
0.311
0.318
0.525
0.537
0.539
0.545
0.556

0.001
0.006
0.085
0.738
0.201
0.247
0.383
0.887

0.028
0.109
0.169
0.127
0.656
0.972
0.270
0.335
0.596
0.422
0.824
1.000
1.000
1.000
1.000
1.000
1.000

0.683
0.596
0.512
0.450
0.281
0.356
0.200
0.133
0.133
0.153
0.193
0.365
0.199
0.067
0.067
0.067
0.065
0.066
0.052
0.035
0.052

0.834
0.577
0.234
0.164
0.125
0.122
0.113
0.050

0.327
0.381
0.379
0.252
0.233
0.161
0.146
0.118
0.113
0.098
0.078
0.059
0.059
0.059
0.057
0.056
0.049

Ex
E
N
N
E
E
Ex
N
Ex
E
E
Ex
E
E
Ex
Ex
Ex

Invaded gaps Treated gaps

-80% 0-40% +80%+40%

All 46 species found in the studied gaps are listed considering their distribution (Dist: E endemic, N native,
Ex exotic).The highest indicator value obtained for each species is given considering the gap type where the
species mainly occurred (Nat natural, Inv invaded, Treat treated). The probability value of obtaining as high
an indicator value as observed by 1,000 iterations is provided (P value); significant values are in bold
(P \ 0.05, sensu Dufrêne and Legendre 1997). Differences in the importance that species presented com-
pared to reference gaps (i.e., natural) are shown in the graph. Positive (?) or negative (-) change in
importance, correspond to an increase or decrease in frequency and abundance compared to natural gaps
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control) was done, for the most part, on sites with little or no slope and at lower altitude

(\350 m.a.s.l) near to invasive shrubland formations (Aristotelia–Rubus) and human

modified habitats (Hagen et al. 2005). The ruggedness of the island terrain was found to

influence changes in vegetation composition over short distances. Steeper areas had more

species common to the transitional and upper montane forests while level areas reflected

the flora found in the lower montane forests (Greimler et al. 2002). It is known from coastal

forests of Brazil that slope and topography can explain species distribution in canopy gaps,

particularly that of advanced regeneration which is influenced by the community sur-

rounding the gap (de Lima and de Moura 2008).

The proximity of M. fernandeziana and the exotic A. chilensis to gaps seemed to have a

significant impact on the floristic composition of natural and invaded gaps. The age of the

gaps also influenced floristic composition. Floristically, newly created gaps tended to have

higher native species richness, whereas older gaps were associated with invasive species.

This seems to confirm that invasive species colonize gaps after a disturbance and go on to

change the floristic composition and bring about the reduction of native species richness.

How does gap size influence native species richness and the invasion of exotics?

Gap size can modify site conditions, such as soil temperature, which in turn influences seed

germination and long-term changes in the floristic composition of forests (Marthews et al.

2008). However, in the RCI forest, gap size was not linked with an increase in species

number. A set of smaller gaps combined had a higher number of native species than single

larger gaps of the same area. Smaller gaps also had higher overall species richness and

contained a greater proportion of native species (36 out of 46 species) than larger gaps.

This might be explained by the fact that many smaller gaps have more combined edge than

one large gap with the same area. The more edge the greater is the likelihood that the

regeneration of different bordering species will contribute to species diversity (Quinn and

Harrison 1988). Smaller areas usually have less cover of the two main invasive exotic

species (Arellano 2011) which hamper native species establishment. We found more native

species in smaller invaded gaps than in the larger ones indicated by the higher SLOSS-

index of invaded gaps. However, the number of exotic species increased when going from

large to small gaps (SLOSS Index \ 1). This may be because exotic species require more

light, space and disturbed soil to establish in the RCI forest. Larger gaps enable more solar

radiation to reach the forest floor and border trees in larger gaps may compete less for the

available water with plants growing within the gap (Marthews et al. 2008). The most

common exotic species, A. chilensis and R. ulmifolius, benefit from the effects of larger

gaps particularly in areas where invaded sites are nearby (Arellano 2011). Similarly, Rubus
alceifolius preferably invades large sized gaps in the Reunion Island forest (Baret et al.

2008) and the density of the widespread invasive species: Lantana camara is positively

related to gap size in tropical forests (Totland et al. 2005). Our findings show that not only

the main invasive species, but that exotic species in general take advantage of larger gaps

on RCI.

Larger gaps were also more prone to reinvasion by exotic species following treatment

(Lowest SLOSS index, always \1). After exotic species are removed, resources became

available and may be exploited by reinvading ruderal species (Jäger and Kowarik 2010).

The larger treated gaps examined in our study provided more space and resources which

might explain the increase in exotic species number observed in them (overall species

SLOSS-index \ 1 on treated gaps).
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Species cover was always higher in smaller gaps compared to larger ones (Fig. 3), and

there was no difference in response to gap size between native and exotic species cover.

Smaller gaps usually had lower levels of disturbance, indicated by a lower number of

gapmakers, thereby promoting advanced regeneration that can explain the relatively higher

vegetation cover in smaller gaps.

How respond species to invasion and treatment?

Invasive species threaten native vascular plant species richness in the RCI forest canopy

gaps. Out of 46 native species, 20 occurred with a higher frequency and abundance in

natural gaps, while only 7 were found in invaded gaps. The endemic species naturally

growing in RCI forest gaps were significantly reduced in frequency and abundance after

gap invasion but tended to recover slowly following treatment. Myrceugenia fernandezi-
ana, the main RCI forest tree species was reduced by about 60 % in invaded gaps but

increased (?20 %) after the gaps were treated. A similar trend was observed in the

common creeping climbing fern A. altescandes. Yet other species declined after invasion

and did not increase after treatment (e.g. P. macrocarpa, A. chilense), and some significant

indicator species were slightly less frequent and abundant in treated gaps than in invaded

gaps (e.g. F. mayu, R. venustus).

As expected the main invasive species (A. chilensis and R. ulmifolius) were reduced

after treatment. Nevertheless, both species were still more frequent and abundant in treated

gaps than in natural gaps. Rubus ulmifolius seemed to be more frequent than A. chilensis
(Table 2). Arellano (2011) reported that A. chilensis and R. ulmifolius prevailed over native

forest species inside gap and border areas, but they did not seem to prosper below forest

cover in RCI. The persistence of invasive species in gaps could be due to the perseverance

of their propagules in gap bordering areas and their ability for seed banking and for

vegetative regeneration (Smith-Ramirez et al. 2013). These same strategies help invasive

species invade newly created open areas where they out grow and develop more rapidly

than native species.

The persistence of invasive species due to seed bank reservoirs and seed rain as well as

invasions by new exotic species were common problems experienced after attempts at

control were taken on other islands such as Galapagos (Jäger and Kowarik 2010) and

Hawaii (Loh and Daehler 2008). Compared to the natural areas the ratio of exotic over

native species was considerably higher in treated gaps. This highlights the importance of

ongoing monitoring to prevent the spread of new invasive species. Exotic species appeared

to take advantage of the space, lack of competition and increased resources available

following gap treatment. The control of invasive species often creates different micro

habitats and may influence dispersal processes (Jäger and Kowarik 2010). Wind dispersal

(e.g. Sonchus spp.; Rumex spp.) and epizoochory dispersal (e.g., Acaena, Myosotis) assists

those exotic species with mechanical dispersal adaptations. Propagules dispersal by

introduced mammals (rodents, rabbits, coati, dogs), and those people doing the treatment

work, as well as rangers, scientists and tourists; (epianthropochory sensu Vibrans 1999)

could help explain the relatively high number of exotic species in treated areas.

Conclusions

Invasive species have significantly altered the abundance and diversity of native flora in

forest canopy gaps of RCI. The removal of invasive plant species suggests a trend towards
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floristic recovery, but the process is still incomplete after 1–6 years. Although plant species

diversity was similar in treated gaps and natural gaps, treated gaps had more exotic species.

This situation requires active monitoring and further evaluation of treated areas. Conser-

vation management efforts involving native species should focus treatments on smaller

gaps (\150 m2) as they have fewer exotic species and were shown to be more important

for native species conservation than larger gaps in our study. Controlling invasive species

will be most effective if initiated within 2 years of gap formation as the newer gaps had

higher native species richness than older gaps. Restoration should be prioritized in these

areas before invasive species have a chance to suppress the native vegetation. Sooner or

later the tendency is for invasive species to reduce diversity, particularly in the larger gaps

surrounded by A. chilensis trees. Based on our results, the most effective conservation

management plan for the maintenance of endemic forests on RCI involves the regular

monitoring of gap formation followed by the control of exotic plant species beginning with

the smaller gaps.
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