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Abstract Conifers, which are widely planted as fast

growing tree crops, are invading forested and treeless

environments across the globe, causing important

changes in biodiversity. However, how small-scale

impacts on plant diversity differ according to pine size

and habitat context remains unclear. We assessed the

effects of different stages of pine invasion on plant

communities in forest and steppe sites located in

southern Chile. In each site, we sampled plant

diversity under and outside the canopy of Pinus

contorta individuals, using paired plots. We assessed

the relative impact of pine invasion on plant species

richness and cover. In both sites, richness and cover

beneath pine canopy decreased with increasing pine

size (i.e. height and canopy area). A significant

negative impact of pines on species richness and plant

cover was detected for pines over 4 m in height. The

impact of pines on plant richness and cover depended

on pine size (i.e. canopy area) and habitat type. Larger

pines had more negative impacts than smaller pines in

both sites, with a greater impact for a given pine size in

the Patagonian steppe compared to the A. araucaria

forest. Species composition changed between under

and outside canopy plots when pines were 4 m or

taller. Pine presence reduced cover of most species.

The impacts of pine invasions are becoming evident in

forested and treeless ecosystems of southern Chile.

Our results suggest that the magnitude of pine invasion

impacts could be related to how adapted the invaded

community is to tree cover, with the treeless environ-

ment more impacted by the invasion.

Keywords Araucaria araucana �
Context-dependency � Forest � Pinus contorta �
Steppe � Tree invasions � Treeless environments

Introduction

Tree species belonging to the genus Pinus are the most

widely used plantation species and many of them have

escaped from plantations, becoming invasive globally

(Richardson et al. 1994; Richardson and Higgins

1998). The high propagule pressure caused by large-
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scale industrial pine plantations, and the intrinsic

ecological capacity of pines to colonize new areas are

thought to be the main drivers of invasions in the

pine’s introduced range (Richardson 1998). Once

pines are able to establish in an area, they quickly

increase their density and biomass causing important

impacts on biodiversity and ecosystem processes. For

example, in ca. 30-year-old stands of the non-native

Pinus nigra in dune environments of the United States,

a reduction in cover and richness of native plants was

recorded, which was associated with a reduction in

light levels (Leege and Murphy 2001). In tropical

systems, Pinus elliottii is transforming the Brazilian

savanna by causing the local loss of several native

plant species (Abreu and Durigan 2011), and affecting

wetlands where pine occurrence decreased macro-

phyte richness and altered species composition (Rolon

et al. 2011). Although evidence of the invasiveness of

pines has mounted in recent decades, the comparison

of quantitative data about the impacts of different

stages of invasion on structure and composition of

plant communities among distinct natural habitats is

rather scarce. Understanding how context-dependency

may shape the effects of invasion may improve our

ability to make predictions or generalizations about

the ecological impacts caused by invasive species on

natural habitats (Pyšek et al. 2012; Hulme et al. 2013;

Kumschick et al. 2015).

Replacement of open native treeless vegetation

with dense, closed, even-aged forests is by far the most

striking impact of pine invasions (Richardson et al.

1994; Richardson and Higgins 1998). Pinaceae

species may convert entire shrubland and grassland

communities to conifer forests, with several native

species in danger of at least local extirpation (Harding

2001), even in high elevation environments (Pauchard

et al. 2009). For instance, in the Cape floristic region of

South Africa, invasive pines (especially Pinus pina-

ster and Pinus radiata) have converted large areas of

native fynbos shrublands to pine forests, with the local

disappearance of many shade intolerant native plants

(Richardson et al. 1994). Similarly, in New Zealand

Pinus contorta grows 200 m above the treeline

established by native species, thus invading high-

elevation shrublands (Wardle 1985). Also in New

Zealand, introduced conifers invade tussock grass-

lands and herbaceous communities, suppressing

native vegetation (Richardson et al. 1994; Ledgard

2001; Williams and Wardle 2007; Froude 2011). Pine

invasions and plantations have also been associated

with impacts on different habitat components or

characteristics such as invertebrate diversity (Pawson

et al. 2010), soil biota and nutrient cycling (Dehlin

et al. 2008; Dickie et al. 2011), and streamflow (Fahey

and Jackson 1997; Farley et al. 2005).

To understand the potential impacts of pine inva-

sion, the tendency has been to study the effects of pine

plantations on the diversity of native species (Cowling

et al. 1976; Richardson and van Wilgen 1986;

Williams and Wardle 2007; Paritsis and Aizen

2008). However, the differences between pine inva-

sions and pine plantations are obvious, as plantations

usually have a low tree density to increase productivity

and reduce costs, they are even-aged with a single

dominant canopy layer, and trees have uniform

heights, ages and trunk diameters (Richardson and

Higgins 1998). Also, plantations are commonly

established after the suppression of natural vegetation

(Richardson 1993). In contrast, invaded sites tend to

resemble natural pine forests, where there could be

more than one cover layer, different tree heights, ages

and trunk diameters, and where density is highly

variable (Ledgard 2001). Additionally, pine invasion

impacts on biodiversity and soil processes have been

found to vary considerably with invasion density and

the impacts of a final closed canopy stage (such as a

plantation) will not fully represent the impacts that

occur throughout the invasion process (Dickie et al.

2011; Taylor et al. 2016a). Therefore, predicting the

impacts of pine invasions should not be based

exclusively on evidence from plantations but should

incorporate finer-scale effects of the invasions’ initial

stages, including the effects of variable stand structure

and density.

To advance the understanding of the various

components of invasion impact (i.e., distribution,

abundance and ecological effects, sensu Parker et al.

1999) it is desirable to assess a species that causes

profound changes in the environment of the invaded

ecosystem (Gundale et al. 2014). Because of its

impacts and broad invasive range (described below),

Pinus contorta has been proposed as a model species

to study several processes in invasion biology (Gun-

dale et al. 2014). Although potentially significant

impacts on various aspects of the ecosystem can occur

where this species invades (Ledgard 2001; Langdon

et al. 2010; Dickie et al. 2014; Taylor et al. 2016a); it is

relatively unknown if impacts on surrounding plant
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communities can develop early in invasion under

isolated pines, or if they only occur in dense stands

once the canopy has closed. Our aim is to determine

the impacts of P. contorta invasion on vegetation

diversity in two contrasting Patagonian ecosystems: an

open Araucaria araucana—Nothofagus antarctica

forest, and a treeless grassland steppe, both located

in the Chilean Patagonia. We hypothesize that P.

contorta affects the diversity, abundance and compo-

sition of the surrounding vegetation depending on pine

size, where smaller trees should have a limited effect

on the vegetation, and larger trees may completely

alter the community. Additionally, we expected

greater negative effects in treeless communities such

as the steppe, where pines represent a completely

novel life-form, than in ecosystems with natural tree

cover (Rundel et al. 2014). By looking at the small-

scale effects of isolated invasive pines (Williams and

Wardle 2007) and how they vary with pine size, we

may be able to detect how pine invasions can shape

local impacts and elucidate potential trajectories of

plant community change. Also, by assessing if the

magnitude of pine impact depends on the habitat type

being invaded, we can contribute to disentangling the

importance of context-dependence for pine invasions.

Methods

Pinus contorta distribution, ecology, and impacts

Pinus contorta’s native range includes the Rocky Moun-

tains and the Pacific West of the United States and

Canada, under a wide variety of climates (Despain 2001).

Within its broad distributional range, this species expe-

riences minimum temperatures between 7 and -57 �C,

maximum temperatures between 27 and 38 �C, and

annual precipitation varying from 250 mm to 500 mm.

Viable seed production starts at ages as young as

5–10 years old and this prolific species can have mass

seed crops every one to three years. Cone production

varies from a few hundred to a few thousand cones per

tree (Despain 2001). Germination occurs best under full

sunlight and on mineral soil (Despain 2001). Seedlings

are resistant to frost damage and are very shade intolerant.

Stand density can reach thousands or even a hundred

thousand trees per hectare (Lotan and Critchfield 1990).

Pinus contorta invasion can have a variety of

impacts on native ecosystems ranging from

modification of vegetation structure and composition

to alteration of belowground processes to changes in

wildfire fuel accumulation. Vegetation structure is

most often altered by the addition of a dense tree layer

to open or treeless environments, such as grasslands or

shrublands (Ledgard 2001; Langdon et al. 2010).

Where this occurs, P. contorta invasions can cause

dramatic declines in native species richness and

diversity (Ledgard and Paul 2008). Due to differences

in shade cover, litter abundance and chemistry, and

mycorrhizal associations, P. contorta invasions can

cause significant changes to soil nutrient cycling that

persist even after the trees are removed (Dickie et al.

2014). Recent reports of P. contorta invasion in the

Argentinean and Chilean Patagonia (Sarasola et al.

2006; Peña et al. 2008; Langdon et al. 2010; Gundale

et al. 2014; Taylor et al. 2016b) highlight the

preponderance of early invasion stages (i.e. wildings

less than 8 years old) in different habitat types. In this

region, the risk of invasion has increased in recent

decades since P. contorta is still considered a forest

crop species, especially in areas where no other trees

can establish because of the harsh weather conditions.

Pinus contorta invasion impacts have been observed

in Patagonia where Cóbar-Carranza et al. (2014)

reported changes in the fuel structure of native

Araucaria araucana forests in Chile due to the

addition of P. contorta, which could result in a higher

risk of crown fires, and Taylor et al. (2016a) found a

decline in plant species richness and cover associated

with increasing P. contorta canopy cover.

Study area

The forest site is located on the southern slope of

Lonquimay volcano, in the Malalcahuello National

Reserve (S38�300–W71�350; 1420 masl), La Arau-

canı́a Region, Chile (Fig. 1). Mean annual precipita-

tion is 3083 mm (mainly snow), and mean annual

temperature is 8.5 �C (Barros et al. 1979, Fig. 1).

Topographic characteristics of the area have been

mainly influenced by glaciation and volcanic activity

(Peralta 1980). The site is dominated by a timberline

forest type of Araucaria araucana ((Mol.) C. Koch.;

Araucariaceae) and Festuca scabriuscula (Phil.;

Poaceae) (Oberdorfer 1960; Gajardo 1994). There

are also small and dense patches dominated by

Nothofagus antarctica (G. Forst. Oerst.; Nothofa-

gaceae) and Chusquea culeou (E. Desv.; Poaceae),
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that along with the forest, conferred heterogeneity to

the landscape. In 1970, several native and exotic

species were introduced in the Reserve as trial plots by

the ‘‘Instituto Forestal Chileno’’ (INFOR), in order to

evaluate the possibility of diversifying forestry pro-

duction (Loewe and Murillo 2001). Although many

exotic Pinaceae species (i.e. Pinus contorta, Pinus

sylvestris, Pinus ponderosa and Pseudotsuga

menziesii) were introduced in the area (Loewe and

Murillo 2001), the only one that became invasive (i.e.

that spread significantly from the trial plots and

increased notably in population abundance) is P.

contorta (Peña et al. 2008; Urrutia et al. 2013), which

is invading 78 ha of the Reserve, and reaches a mean

density of 6600 plants ha-1 in the more heavily

invaded sectors (Peña et al. 2008).

Fig. 1 Location of the study sites in Chile (left), pictures of

invaded and uninvaded areas from the Araucaria araucana

forest in the Malalcahuello National Reserve (a, b), and from the

Patagonian steppe in the Province of Coyhaique (c, d) (upper

right), and climograph for each site (lower right). Meteorolog-

ical data were obtained from the Worldclim dataset (Hijmans

et al. 2005)
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The Patagonian steppe site is located in the Province

of Coyhaique (S45�330–W72�040; 730 masl), Aysen

Region, Chile (Fig. 1). The climate is cold and dry,

characterized by several months during the growing

season with a precipitation of less than 80 mm (Fig. 1).

Most of the precipitation falls in autumn and winter

(Langdon et al. 2010). The mean annual temperature

ranges from 6–9 �C. The vegetation is dominated by

native species, mainly by the perennial grass Festuca

pallescens ((St. Yves) Parodi; Poaceae) and the cushion

plants Baccharis magellanica ((Lam.) Pers.; Aster-

aceae), Acaena integerrima (Gillies ex Hook. & Arn.;

Rosaceae), and Mulinum spinosum [(Cav.) Pers.; Api-

aceae]. In 1970 pines were introduced by the Chilean

government with the aim of evaluating the potential of

these species for soil erosion control (Langdon et al.

2010). However, the plantation directly adjacent to this

site was established in 1984 and therefore was 25 years

old at the time of sampling. Currently, the invasion ofP.

contorta is in an early stage, with the greatest natural

regeneration within the first 60 m from the original seed

source, registering a maximum mean density of 13,222

pines ha-1 (Langdon et al. 2010). Grazing pressure in

the steppe by domestic sheep and invasive European

hare is high, shaping vegetation and producing impor-

tant disturbance to the soil cover (Langdon et al. 2010).

As it can be deduced from the age of pines located in the

core of the invaded area in each habitat type (steppe:

8 years old, forest: 18 years old), the invasion started

much later in the steppe than in the forest (Anı́bal

Pauchard unpublished data).

Sampling design

We sampled plant diversity under and outside the canopy

of Pinus contorta individuals in invaded areas of

Malalcahuello (January, 2010) and Coyhaique Alto

(January, 2011). In each site, we selected individuals of

P. contorta in three height categories (n = 15 per

category): 1–3 m; 4–6 m, and 7–9 m. Pines were

selected in the invasion front, avoiding the presence of

other pines in the surroundings. We recorded height of

the selected pines, and estimated their canopy area by

measuring the canopy diameter. The tallest pines

(7–9 m) were absent from the steppe site as this site is

in an early invasion stage compared to the forest site

(Langdon et al. 2010; Peña et al. 2008). For each selected

pine (n = 45 for the forest, n = 30 for the steppe), we

setup 1 m2 paired plots located two meters apart: one

under the pine canopy and the other outside the canopy.

In each plot, we recorded presence and percentage cover

of all vascular plants species. Each plot was subdivided

into four 50 9 50 cm quadrats, to increase measurement

accuracy. Data was compiled at the 1 m2 resolution.

Data analysis

Dependent variables were total species richness and

plant cover (excluding P. contorta presence and cover;

according to Thomsen et al. 2016). We also calculated

the mean percentage reduction of both variables in

‘Under canopy’ plots as compared to ‘Outside canopy’

plots. Species richness under and outside the pine

canopy for each height category was estimated through

sample-based rarefaction curves. This sampling model

for species richness accounts for undersampling bias by

adjusting or controlling for differences in abundance

and / or sampling effort (Gotelli and Colwell 2010). For

each rarefaction, 100 resamples were randomly drawn

without replacement (EstimateS 9.1, Colwell 2013). To

assess statistical differences between rarefaction curves,

95% confidence intervals were estimated and significant

differences were assumed when confidence intervals did

not overlap. Although species accumulation curves did

not approach to an asymptote, we considered them valid

to use to compare relative differences in species

accumulation between the two plot types.

To assess the impact of pine invasion on richness

(S) and cover for each pine height category, we

calculated the mean percentage reduction of richness in

‘Under canopy’ (SU) compared to ‘Outside canopy’ (SO)

plots (Hejda et al. 2009): [(SU - SO)/SO] 9 100. In this

case, a negative value indicates a lower richness in under

canopy plots (i.e. negative pine effect), while a positive

value indicates the opposite (i.e. positive pine effect). We

performed multiple linear regression to model the

influence of pine size (quantitative), habitat type (cate-

gorical with two levels), and their interaction on the

impact ofP. contortaon total richness and total cover (lm

package, R software; R Development Core Team 2006).

In these analyses, canopy area (a variable highly

correlated to height: Spearman’s r = 0.93, p\0.0001)

was use as a proxy of pine size. Model assumptions were

checked by the inspection of residual graphs and the use

of the Kolmogorov–Smirnov normality test.

We assessed differences in species composition

between plots under and outside of the canopy using

the Bray-Curtis distance between plots within each
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height class and a Permutational Analysis of Variance

(PERMANOVA; Anderson 2001; Oksanen et al.

2013). We also tested for differences in dispersion

between groups (betadisper; Oksanen et al. 2013).

Similarity percentages analysis (SIMPER) was used to

assess the contribution of individual species to

dissimilarities between under-canopy and outside-

canopy plots in each site. SIMPER analyses were

performed using the software Primer v6 (Clarke and

Gorley 2006). Significance level was 0.05. Standard

errors (SE) were used to calculate variation.

Results

We registered a total of 26 species (11% exotic

species) for the steppe and 40 species for the forest

(15% exotic species) (‘‘Appendix’’). At both sites,

species richness beneath pines was lower under larger

pines compared to smaller pines (Rarefaction curves;

Fig. 2). On the contrary, no difference was detected in

plots outside the pine canopy. In the steppe, a

significant reduction in species richness occurred at

the 4–6 m height category, while in the A. araucaria

forest it only occurred at 7–9 m.

The impact of pines on plant richness and cover

depended on pine size (i.e. canopy area) and habitat

type (Table 1; Fig. 3). Larger pines had more negative

impacts than smaller pines in both sites, while the

magnitude of these impacts for a given pine size was

greater in the Patagonian steppe compared to the A.

araucaria forest (Fig. 3a, b).

Species composition, at both sites, changed

between under and outside canopy plots for pines of

more than 4 m in height (PERMANOVA, steppe:

4–6 m: R2= 0.119, p\ 0.01; forest: 4–6: R2= 0.064,

p\ 0.05, and 7–9 m: R2= 0.095, p\ 0.01; Fig. 4).

For small pines (1–3 m), we found no differences in

species composition between plots under and outside

the canopy (PERMANOVA, steppe: p = 0.39; forest:

p = 0.70). Plot position explained between 6.4% to

11.9% of the variation in species composition based on

Bray-Curtis dissimilarity. Dispersion did not differ

between the groups (betadisper p[ 0.1). Dominant

species of the community were the biggest contribu-

tors to dissimilarity between plots in each site

(SIMPER; Fig. 4; Appendix).

Discussion

Our results indicate that Pinus contorta invasion is

having a negative impact on vascular plant diversity in

natural habitats of southern Chile. Pines in our study

Fig. 2 Rarefaction curves

for ‘Under canopy’ and

‘Outside canopy’ plots of

pines 1–3 m, 4–6 m, and

7–9 m high (black, white

and grey squares

respectively) in the

Patagonian steppe and the

Araucaria araucana forest

sites. Bars indicate 95%

confidence intervals, and

significant differences were

assumed when confidence

intervals did not overlap
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sites are rapidly reducing plant species richness and

cover as they grow and increase their canopies. The

effects on biodiversity beneath pine canopies are

evident early in the invasion when trees have not

reached their maximum density and the canopy has not

yet closed. Significant pine effects were registered for

trees with canopy areas starting at ca. 5 m2, while the

maximum individual pine canopy area was 13 m2 for

the steppe and 40 m2 for the forest. Based on the fact

that similar sized-pines had different impacts on plant

diversity depending on the invaded plant community

type, context-dependency (i.e. composition and struc-

ture of the recipient community) seems to have a

greater importance than pine size in determining the

magnitude of the invasion impact. Thus, the magni-

tude of the negative impact of pine invasions is likely

greater in communities not adapted to tree cover, such

as the Patagonian steppe.

The addition of new functional traits (Levine et al.

2003), such as the incorporation of a new life form or a

plant stratum that increases total vegetation height, may

explain the greater impact of pines in the steppe. Our

results highlight the role of the invaded community in

modulating the impact of a particular plant invasion. It

has been hypothesized that invasive species with novel

traits will have a greater impact on the invaded

community than species without novel traits (Rundel

et al. 2014), because the functional distinctiveness of

the introduced species may convey an advantage to the

invader over ecologically naı̈ve residents (Kumschick

et al. 2015). However, evidence of such phenomenon

remains scarce. Our study, by contrasting two very

different invaded communities, was able to show strong

differences in how species diversity and abundance is

reduced by pine invasions, as seen with other woody

invaders (Mason and French 2008). In the treeless

Table 1 Analysis of variance results for richness and cover impact responses to pine size (i.e. canopy area), habitat type, and their

interaction

Source of variation Impact on richness Impact on cover

df F statistic p value df F statistic p value

Canopy area 1 23.08 \0.001 1 43.17 \0.001

Habitat type 1 0.41 0.52 1 3.21 0.08

Canopy area 9 Habitat type 1 8.28 0.005 1 10.25 0.002

Error 71 71

Fig. 3 Relationships between pine canopy area and (a) impact

on richness, and (b) impact on cover for the Patagonian steppe

(white circles) and the Araucaria araucana forest (grey circles)

sites. Impact is expressed as the mean percentage reduction or

increase in richness or cover in ‘Under canopy’ plots compared

to ‘Outside canopy’ plots (100%). Negative values indicate a

lower species number (or cover) in under canopy plots, and

positive values indicate the opposite. The coefficient of

determination (R2) and the regression formula are reported

Pine invasion impacts on plant diversity 1021
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Patagonian steppe most of the species are adapted to

open and sometimes extreme conditions (e.g. extremely

windy conditions, very low winter temperature, and low

precipitations; Conti 1998). Some species may be more

sensitive and could be filtered out earlier by the pine

invasion (Bravo-Monasterio et al. 2016). Our results

show that in the steppe this ecological filtering occurs at

an earlier, less advanced stage of invasion, while in the

Araucaria forest species can better withstand low pine

densities. Similarly, in New Zealand some native forest

understory species have been found to establish in

Pinus radiata plantations (Brockerhoff et al. 2003),

while in open grassland habitat all 26 native species

originally present went locally extinct after 32 years of

Pinus contorta invasion (Ledgard and Paul 2008). In

treeless environments, pine invasions may be having an

effect both because they are a novel life-form for those

ecosystems, similarly to what a native tree would do by

colonizing new habitat, but also because they can bring

a completely new set of traits and establish novel

biological interactions (e.g. litter composition, allelopa-

thy, soil-biota interactions) (Saure et al. 2014). This

would explain why the impacts of increasing P.

contorta tree cover differ between the native and the

invasive range, even when P. contorta invades treeless

environments in the native range (Taylor et al. 2016a).

The dominant species in the steppe and the forest

were the greatest contributors to the differences in

composition between plots under and outside the

canopy of Pinus contorta individuals. Dominant native

species such as tussock grasses (Festuca spp.) and

cushion plants (e.g. Baccharis magellanica) can play a

key role in the community by providing shelter to

diverse plant species under unfavorable environmental

conditions (Gibson 2009), conferring high community

resilience after disturbances (Gonzalez et al. 2015), and

affecting species germination through the differential

effect of litter (Ruprecht et al. 2010), among others.

Therefore, the reduction of certain native species due to

pine presence could result in cascading effects on

Fig. 4 Mean cover values (±SE) of species in the Patagonian

steppe (upper) and the A. araucana forest (lower) that made a

cumulative contribution of 50% to dissimilarity between ‘under’

and ‘outside canopy’ of pines (a) 1–3 m, (b) 4–6 m, and

(c) 7–9 m high. Species are shown in decreasing order (left to

right) in terms of their individual contribution to the dissimi-

larity. Species code name: Aca int: Acaena integerrima; Bac

con: Baccharis concava; Bac mag: Baccharis magellanica; Cal

lag: Calceolaria lagunae-blancae; Chu cul: Chusquea culeou;

Dis cha: Discaria chacaye; Emp rub: Empetrum rubrum; Fes

pal: Festuca pallescens; Fes sca: Festuca scabriuscula; Gau

poe: Gaultheria poeppigii; Lat sp.: Lathyrus sp.; Mul spi:

Mulinum spinosum; Ore gla: Oreopulus glacialis; Qui chi:

Quinchamalium chilense; Rum ace: Rumex acetosella
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habitat structure and functioning. This has been

observed for pines in New Zealand where the reduction

in high quality grass litter and change in dominant

species from grasses to pines altered belowground

biotic communities, nutrient cycling, soil pH, and soil

carbon levels (Dickie et al. 2011, 2014).

Other studies finding similar declines in plant

richness or diversity with pine invasion support our

results (Ledgard and Paul 2008; Dickie et al. 2011;

Steers et al. 2013; Urrutia et al. 2013; Taylor et al.

2016a). However, the dominant mechanism by which

pines reduce diversity in the invaded community

remains unclear. In their introduced ranges, pines can

change adjacent plant community composition by

multiple mechanisms including direct competition for

light and water, changes in litter accumulation, allelo-

pathic components, changes in soil chemistry and

changes in the mycorrhizal community and other

components of the soil biota (Raffaele and Schlichter

2000; Dehlin et al. 2008; Sartor et al. 2009; Salomón

et al. 2011; Steers et al. 2013; Hess and Austin 2014; de

Oliveira et al. 2014). The decrease in species richness

and abundance under the canopy of adult pines may be

promoted by the characteristic morphology of P.

contorta, with dense lower branches close to the ground

level (Van Gelderen and Van Hoey 1996). Moreover,

the decline of plant diversity could also result from the

arrival of ‘‘novel weapons’’ (sensu Callaway and

Ridenour 2004). An allelopathic potential has been

documented for other pines, such as Pinus halepensis

(Fernandez et al. 2006), P. taeda L. (Sartor et al. 2009),

and P. sylvestris (Kaligaričč et al. 2011). In addition,

pines may reduce native plant cover by the accumula-

tion of a thick litter layer (Steers et al. 2013) that

probably decomposes slowly in cold environments such

as the ones studied here. In fact, needle litter accumu-

lation in pine stands could create a physical and/or

chemical barrier for plant establishment (Bueno and

Baruch 2011; Valera-Burgos et al. 2012) and has been

found to alter species interactions in potentially unpre-

dictable ways (Metlen et al. 2013; Metlen and Callaway

2015). New studies, observational and experimental,

should address the specific mechanisms by which pines

are able to outcompete resident species and modify the

invaded community in the studied habitats.

The large-scale influx of pines in Chile began in 1970,

as the forestry industry expanded. Now, the impacts of

pine invasions are becoming evident in forests and

treeless ecosystems of southern Chile. Specifically for P.

contorta, in order to conserve biodiversity and ecosystem

functions, and reduce unnecessary economic costs,

actions should be taken 1) to halt new P. contorta

plantations and gradually remove existing plantations and

2) to actively control ongoing P. contorta invasions. As

pointed out by Steers et al. (2013), the removal of pines in

early growth stages can minimize their impact on plant

diversity. The removal of pines while they are still young

can also reduce the potential legacy effects on soil biota

and nutrient cycling (Dickie et al. 2014). According to our

results, there would be a considerable time window (until

pines reach 3 m in height) before invasive pines begin to

have a significant impact on resident plant composition.

Management options should be particularly considered

for temperate grasslands, since these ecosystems are

poorly represented in national and worldwide protected

area systems (Hoekstra et al. 2005; Paruelo et al. 2005),

and show high vulnerability to invasive pine impacts.

Our results highlight the importance of quantifying

tree invasion impacts in multiple ecosystems to under-

stand the interaction between the invader and the

invaded ecosystem in defining the magnitude and

direction of the impacts. Standardized protocols that

study tree invasion impacts and legacies after removal

across multiple regions, such as the Global Invader

Impact Network (Barney et al. 2015), will help to

increase our understanding of the differential effects of

one invasive species across multiple ecosystems. By

contrasting a treeless and an open forest ecosystem, we

can suggest that the magnitude of pine invasion impacts

is related to how adapted the invaded community is to

tree cover. However, more studies are needed to detect

whether these responses persist across a larger biogeo-

graphical context (i.e. cross regional and continental

comparisons) or across climatic gradients (e.g. latitudi-

nal, elevation), and whether this response is due to the

biogeographic origin of the species or just to the novelty

of the life form in the invaded community.
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