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Summary

1

 

Ecosystem engineers are organisms that change abiotic conditions in ways that
affect the performance and distribution of other species, including exotics. Several
mechanisms have been proposed for the successful establishment of  exotic plants in
natural communities, but the positive effects that native engineer species may have on
the distribution and performance of exotic plants remain unknown.

 

2

 

In this study, we propose that amelioration of extreme abiotic conditions by ecosystem
engineers can make stressful habitats invadable by exotic plant species, with larger
positive effects on the performance of exotic plants as environmental harshness
increases. We tested this hypothesis by assessing the effects of a high-Andean ecosystem
engineer, the cushion plant

 

 Azorella monantha

 

, which is known to create habitat patches
where environmental conditions are less extreme than in the surrounding habitats,
on the distribution and the performance of two exotic plant species, field chickweed
(

 

Cerastium arvense

 

) and common dandelion (

 

Taraxacum officinale

 

), along a an elevation
gradient in the Andes of central Chile.

 

3

 

We measured and compared the abundance, biomass and survival of  both exotic
species within and outside cushion habitat patches at three elevations (3200 m, 3400 m
and 3600 m), and evaluated whether the effects of 

 

A. monantha

 

 varied across elevations.

 

4

 

The results indicated that cushion plants positively impact the performance of both exotics,
and have greater facilitative effects at higher elevations. Indeed, at the higher elevation
site, 

 

C. arvense

 

 was only detected within 

 

A. monantha

 

 patches, suggesting that cushions may
expand the distribution range of exotics. These results suggest that ecosystem engineering
by native species could promote biological invasions in harsh environments, leading to
higher abundances of invaders than those expected in the absence of engineers.

 

5

 

Given the conspicuousness of ecosystem engineering in nature, we suggest that exotic
species eradication programmes might be less successful by not taking into account the
facilitative effects of native engineer species on invaders. Further, we suggest that the
recent proposals to use engineer species in ecosystem restoration should be aware of
their potential role in promoting invasions.
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Introduction

 

Biological invasions are thought by some to be the largest
biotic change around the world (Barnard & Waage
2004). Diverse mechanisms have been proposed to
explain why exotic plants successfully invade natural
communities, including the release of natural enemies
of exotics (Keane & Crawley 2002), allelopathic effects
of exotics on native plants (Hierro & Callaway 2003;
Callaway & Ridenour 2004) and resource opportuni-
ties for exotics upon arrival in new ecosystems (Shea &
Chesson 2002). Indeed, it has been proposed that
mutualisms between exotic plants and native animals
that act as pollinators and seed dispersers may also lead
to successful invasions (Richardson 

 

et al

 

. 2000;
Rodriguez 2006). However, one mechanism that has
received less attention is the facilitative impact that
native ecosystem engineer species may have on the
distribution and performance of exotic plants.

Ecosystem engineers are organisms that non-
trophically change the distribution of materials and
energy in the abiotic environment (Jones 

 

et al

 

. 1994,
1997). The process of ecosystem engineering can result
in the creation of habitat patches with different environ-
mental conditions than surrounding unmodified
habitat, and the presence of  such habitat patches in
natural landscapes has been shown to affect the distri-
bution and performance of both native (Wright 

 

et al

 

.
2002; Badano & Cavieres 2006a,b; Badano 

 

et al

 

. 2006)
and exotic (Crooks 2002; Cavieres 

 

et al

 

. 2005; Reinhart

 

et al

 

. 2006; Tecco 

 

et al

 

. 2006) plant species. Indeed,
when environmental modifications performed by
ecosystem engineers result in amelioration of physical
stress, it has been observed that their positive effects on
other species increase as the surrounding unmodified
habitat becomes harsher (Wright & Jones 2004;
Badano & Cavieres 2006a; Wright 

 

et al

 

. 2006). Thus,
if  exotic plants are sensitive to the stress amelioration
performed by ecosystem engineers, we may hypothesize
that such engineering effects would have greater positive
effects on the performance of exotic species in sites
where environmental conditions in the surrounding
unmodified habitat are harsher. In this manner, the
presence of ecosystem engineers may make stressful
landscapes more susceptible to biological invasions than
would be expected in the absence of  engineer species.

We have tested the above hypothesis by documenting
the extent to which a high-Andean ecosystem engineer,
the native cushion plant (

 

Azorella monantha

 

 Clos.;
Apiaceae; Fig. 1), affects the performance and survival of
two common exotic forbs, field chickweed (

 

Cerastium
arvense

 

 L.; Caryophyllaceae) and common dandelion
(

 

Taraxacum officinale

 

 (L) Weber; Asteraceae), along
an elevation gradient in the high-Andes of central
Chile. High-mountain ecosystems represent an ideal
system to test our hypothesis because current global
change simulation models predict these ecosystems
are particularly resistant to biological invasions due
to their extreme environmental conditions when

compared with lower elevation ecosystems (Sala 

 

et al

 

.
2000). However, in the high-Andes, 

 

A. monantha

 

 cushions
modify a wide variety of  environmental conditions
when compared with the adjacent matrix habitat, or
open areas, dominated by rocks and bare soil. For
instance, these cushions may modulate substrate
temperatures, maintaining lower extreme maximum
temperatures and higher extreme minimum tempera-
tures than surrounding habitats, and also increase soil
moisture and nutrient availability (Arroyo 

 

et al

 

. 2003;
Badano 

 

et al

 

. 2006; Cavieres 

 

et al

 

. 2007). Hence, if
exotic species respond to environmental modifications
caused by 

 

A. monantha

 

 cushions, and if  the importance
of such cushion-driven environmental modifications
increases with elevation, we predict that the perform-
ance of  

 

T. officinale

 

 and 

 

C. arvense

 

 would increase
within 

 

A. monantha

 

 habitat patches, but decrease in
surrounding unmodified habitat, as site elevation
increases. Specifically, we predict that at upper elevations
the abundance, biomass and survival of both exotics
will increase within cushion patches, but decrease in
open areas.

 

Methods

 

 

 

This study was conducted on the slopes of Mt Franciscano,
at the Río Molina basin (33

 

°

 

 S, 70

 

°

 

 W) in the high-Andes
of central Chile (50 km east of the city of Santiago). In
this area, estimated mean annual air temperature at
3150 m is 3 

 

°

 

C, and the estimated annual lapse rate
for this site is 6.1 

 

°

 

C km

 

–1

 

 (Cavieres & Arroyo 1999).
Precipitation exceeds 900 mm (Santibáñez & Uribe
1990), mainly occurring as snow during winter months.
Summer months are dry and thus water shortage
conditions are likely to occur during the growing
season (Cavieres 

 

et al

 

. 1998, 2006). The length of the
snow-free period is 4–5 months, usually starting in
November. Soil is mainly a clay-type mixed with
sedimentary and volcanic rocks (Cavieres 

 

et al

 

. 2000).
In this study site, the effects of  

 

A. monantha

 

 cushions
on both exotic forbs were measured at three elevations:
3200 m, 3400 m and 3600 m, almost covering the whole

Fig. 1 An Azorella monantha cushion invaded by flowering
individuals (white flowers) of Cerastium arvense.
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altitudinal distribution range of  the studied cushion
species. Although 

 

A. monantha

 

 cushions can be
found in both polar- and equatorial-facing slopes, all
sampling sites were located on polar-facing slopes to
avoid confounding effects due to differences in slope
aspect. At all elevations, 

 

T. officinale

 

 and 

 

C. arvense

 

were the only exotic species detected in the plant
communities.

 

 

 

Given that environmental stress probably results
from the interaction of several factors, and given the
difficulty in measuring all the environmental modifications
that 

 

A. monantha

 

 cushion plants can perform, our
assessment relied on the generally accepted negative
relationship between plant biomass and environmental
harshness proposed by Grime (1979). Hence, if  envi-
ronmental harshness increases with elevation, above-
ground plant biomass should decrease in that direction.
To assess such an effect, in January 2006, 40 cushions
(diameter between 50 and 70 cm) and 40 points in open
areas were selected at each elevation by using points at
random directions and distances from the centre of a
previously delimited 1-ha plot. If  these random points
did not coincide with a cushion, we considered the
closest cushion to each point. On each selected cushion
and at each point in open areas, a 0.2 m

 

2

 

 circular plot
was delimited and all native and exotic species within
these plots were identified and counted. 

 

Azorella
monantha

 

 itself  was not included in this sampling
because we were interested in measuring the effects
of this species. All samples collected within 

 

A. monantha

 

cushions recorded at least one species. Samples in
open areas often contained zero species, but for our
calculations we only included sample plots from open
areas when they contained a minimum of  one species.
Aerial parts of  species in plots were collected and
stored in individual paper bags (one bag per species
per sample). Bags with collected material were placed
in a ventilated stove at 75 

 

°

 

C within 3–4 h of collection
to avoid metabolic tissue degradation. Samples
were dried for 72 h and weighed to determine the
above-ground dry biomass of  each species within
each sample. Above-ground plant biomass per sample
was then estimated in g m

 

–2

 

 and compared across
elevations separately for open areas and cushions
with one-way 

 



 

s.
We also compared biomass between cushions and

open areas at each elevation with 

 

t

 

-tests. Further, to
assess the magnitude with which cushions modify
above-ground plant biomass at each elevation, we used
the relative interaction index (RII) proposed by Armas

 

et al

 

. (2004). RII is calculated as (

 

B

 

w

 

 – 

 

B

 

o

 

)/(

 

B

 

w

 

 + 

 

B

 

o

 

),
where 

 

B

 

o

 

 is the performance of a target species without
neighbours and 

 

B

 

w

 

 is its performance with neighbours.
This index was originally developed to measure indi-
vidual or population effects of plant interactions but,
given that it is based on arithmetical operators, Armas

 

et al

 

. (2004) suggested that RII can be used to measure
the community level effects of plant interactions. Here,
we used RII to measure the relative effects of cushions
on community biomass by replacing 

 

B

 

w

 

 with the
average above-ground plant biomass within cushion
patches, and replacing 

 

B

 

o

 

 with its equivalent value
in open areas. Values of this index can vary between 1
and –1, with positive values indicating higher plant
biomass within cushions and negative values indicating
the converse situation. These RII values were multiplied
by 100 to present the results as a percentage. Given
that the amelioration of  harsh climatic conditions
(such as extremely low temperatures) by 

 

A. monantha

 

increases with elevation (Arroyo 

 

et al

 

. 2003), we
expected higher RII values with increasing elevation,
indicating greater positive effects of  cushions on
other plants.

 

  

 

To assess whether cushions affected the performance of
both 

 

T. officinale

 

 and 

 

C. arvense

 

, we calculated the
abundance (individuals m

 

–2

 

) and the above-ground
biomass (g m

 

–2

 

) of  both exotics in the 40 samples
taken within and outside cushions at each elevation.
These variables were compared across elevations
separately for open areas and cushions with one-way

 



 

s, and compared between cushions and open
areas at each elevation with 

 

t

 

-tests. Further, to assess
whether the magnitude with which cushions modify
the performance of exotic species changes with elevation,
we calculated RII (Armas 

 

et al

 

. 2004) for each
exotic species at each elevation. Here, 

 

B

 

w

 

 was replaced
by the average abundance or biomass of  exotics
within cushions and 

 

B

 

o

 

 by their equivalent values in
open areas.

 

  

 

To assess whether cushions improve survival of exotic
species, seedling transplant experiments were performed
at 3600 m and 3200 m. Seeds of  

 

T. officinale

 

 and 

 

C.
arvense

 

 were collected in the field and germinated in
growth chambers under controlled temperature con-
ditions (20/10 

 

°

 

C day/night) for 1 month. Emerged
seedlings were planted in small plastic bags (100 cm

 

3

 

)
filled with commercial soil, and maintained in
growth-chambers at 10/5 

 

°

 

C (day/night) for 1 month. The
1-month-old seedlings were taken to the field at the
beginning of  the growing season (December) and
planted in groups of 10 individuals within six randomly
selected cushions and six randomly selected points on
open areas at each elevation. Seedlings were planted
5 cm from each other. Seedling survival was monitored
every 2 weeks for 60 days. Survival curves of trans-
planted seedlings were estimated using Kaplan-Meier’s
method (Kaplan & Meier 1958) and compared
between habitats at each elevation with the two-sample
Cox-Mantel test (Lee 

 

et al

 

. 1975).
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Results

 

 

 

Total plant biomass in open areas decreased at upper
elevation sites (Table 1). In contrast, biomass within
cushions increased with elevation (Table 1). Interest-
ingly, biomass found in cushions was higher than that
found in open areas at the two upper sites only (

 

t

 

-test

 

P

 

3600 m

 

 < 0.01; 

 

t

 

-test 

 

P

 

3400 m

 

 < 0.01). Conversely, at the
lowest elevation, open areas showed higher biomass
than cushions (

 

t

 

-test 

 

P

 

3200 m

 

 < 0.01). The relative differ-
ence in biomass between cushions and open areas
indicated that cushion patches increased biomass up to
52% and 54% at 3600 and 3400 m, respectively, while
they decreased biomass by 24% at 3200 m. These
results indicate that 

 

A. monantha

 

 cushions have
positive effects on plant biomass at upper elevations
and negative effects at the lowest elevation site.

 

  

 

The number of samples containing at least one exotic
species varied across elevations and between habitat
types (i.e. cushions and open areas). Of the 40 samples
taken in open areas at each elevation, 

 

T. officinale

 

 was
detected in 34 samples at 3200 m, 11 samples at 3400 m
and eight samples at 3600 m. In open areas, 

 

C. arvense

 

was detected in 11 samples at 3200 m and six samples at
3400 m, and was not detected in open areas at 3600 m.
The number of samples within cushions containing
exotics also decreased with elevation. In this habitat
type, 

 

T. officinale

 

 was detected in 35 samples at 3200 m,
28 samples at 3400 m and 23 samples at 3600 m. Within
cushions, 

 

C. arvense

 

 was detected in 31 samples at
3200 m, 25 samples at 3400 m and 17 samples at
3600 m. All statistical analyses comparing the abun-
dance and biomass of exotics across elevations and

between habitat types were conducted with these
numbers of samples.

In open areas, the abundance of both exotic forbs
decreased with elevation (Table 1). Within cushions,
the abundance of  

 

T. officinale

 

 also decreased with
elevation but the abundance of 

 

C. arvense

 

 did not
(Table 1). At all elevations, abundances of both exotics
were substantially higher within cushions than in open
areas (t-test P < 0.01 at all elevations). At the highest
elevation, C. arvense was only found within cushions
(Table 1).

The biomass of both exotics decreased with eleva-
tion in open areas, but no differences were observed
across elevations within cushions (Table 1). The biomass
of T. officinale was higher within cushions than in open
areas at 3400 m and 3600 m (t-test P < 0.05 at both
elevations), but no differences between habitats were
detected at 3200 m (t-test P = 0.73). On the other hand,
the biomass of C. arvense was higher within cushions
than in open areas at all elevations (t-test P < 0.01 in all
cases).

For both exotic species, the relative differences in
abundance (Fig. 2a) and biomass (Fig. 2b) indicated
that the positive effects of cushions on the performance
of both T. officinale and C. arvense increased towards
upper sites. These results strongly suggest that A.
monantha cushions improve the performance of exotic
species, in terms of abundance and biomass, with
greater effects at higher elevations.

  

Tofficinale seedlings showed higher survival within
cushions than in open areas at both 3200 m (Cox-
Mantel test P < 0.05) and 3600 m (Cox-Mantel test
P < 0.01), but the difference in seedling survival
between habitats was greater at the highest elevation
site (Fig. 3a). In contrast, C. arvense seedlings showed

Table 1 Average plant biomass including all species (g m–2 ± 2 SE) and average abundance (individuals m–2 ± 2 SE) and biomass
(g m–2 ± 2 SE) of Taraxacum officinale and Cerastium arvense within Azorella monantha cushions and in open areas at the three
elevations considered in this study. The last two columns are the F-values and the probability values (P) obtained from the one-
way s used to compare each variable across elevations. Differences between elevations were assessed a posteriori with Tukey
tests; significant differences are indicated for each variable with different letters. Because Cerastium arvense was not detected in
open areas at 3600 m, s comparing abundance and biomass of this species in open areas did not included the highest
elevation site (ND = not detected)

Variable Habitat type 3200 m 3400 m 3600 m F P

Plant biomass Open areas 80.05 (± 11.64)a 15.10 (± 2.85)b 25.50 (± 6.70)b 77.44 < 0.01
Cushions 49.48 (± 6.78)a 50.95 (± 11.61)a 86.41 (± 23.17)b 7.47 < 0.01

T. officinale abundance Open areas 7.38 (± 1.54)a 2.38 (± 1.62)b 1.75 (± 1.37)b 16.94 < 0.01
Cushions 11.25 (± 2.55)a 7.75 (± 2.99)ab 5.00 (± 2.02)b 6.18 < 0.01

C. arvense abundance Open areas 10.50 (± 8.22)a 1.13 (± 1.12)b ND 5.92 < 0.01
Cushions 85.38 (± 20.43) 68.88 (± 34.11) 66.89 (± 29.39) 0.52 0.60

T. officinale biomass Open areas 8.76 (± 2.14)a 2.42 (± 1.48)b 1.31 (± 1.18)b 24.28 < 0.01
Cushions 8.29 (± 1.74) 4.97 (± 1.54) 4.96 (± 3.19) 2.88 0.06

C. arvense biomass Open areas 1.60 (± 0.92)a 0.15 (± 0.13)b ND 10.98 < 0.01
Cushions 11.94 (± 3.21) 8.46 (± 3.56) 8.66 (± 3.85) 1.24 0.29
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higher survival within cushions at the highest elevation
site (Cox-Mantel test P < 0.01), but no differences
were detected at the lowest elevation (Cox-Mantel
test P = 0.22) (Fig. 3b). These results indicate that
the effects of  A. monantha cushions on the survival
of  both exotic forbs are higher at upper than lower
elevation sites.

Discussion

There has been little research dealing with plant
invasions in high-mountain ecosystems (e.g. Kitayama
& Mueller-Dombois 1995; Johnston & Pickering 2001;
Dullinger et al. 2003; Cavieres et al. 2005, 2007), and
even fewer studies have evaluated how environmental
gradients can affect biological invasions in these
ecosystems (e.g. Western & Juvik 1983; Johnston &
Pickering 2004; Becker et al. 2005). Our study clearly
indicates that the harsher environmental conditions of
open areas at high elevation sites decrease the perform-
ance of both T. officinale and C. arvense, concurring

with the results of other studies that showed decreases
in the success of plants with increasing environmental
stress (Johnston & Pickering 2004; Becker et al. 2005;
MacDougall et al. 2006). However, A. monantha had
strong facilitative effects on both exotic species we
studied, and these effects were stronger at higher
elevations where abiotic conditions are harsher. Azorella
monantha appears to act as an ecosystem engineer,
ameliorating extreme high and low temperatures
(Badano et al. 2006; Cavieres et al. 2007) and providing
microsites with higher availability of soil nutrients
(L. A. Cavieres, unpublished data).

Our results support the idea that amelioration of
environmental harshness by cushions increases with
elevation, agreeing with the general suggestion that
organisms able to reduce environmental stress have
more important impacts on other species as environ-
mental stress increases (Bertness & Callaway 1994;
Callaway 1998; Pugnaire & Luque 2001; Callaway et al.
2002; Cavieres et al. 2006; Crain & Bertness 2006).
Moreover, our results concur with those reported in

Fig. 2 Relative interaction intensity computed with the
average abundance (a) and biomass (b) of Taraxacum
officinale (black bars) and Cerastium arvense (white bars)
within cushions and in surrounding open areas at the tree
elevations considered in this study.

Fig. 3 Kaplan-Meier estimated survival of transplanted
seedlings of Taraxacum officinale (a) and Cerastium arvense
(b) within Azorella monantha cushions (black symbols) and in
open areas (white symbols) at the highest (circles) and the
lowest (triangles) elevation.
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previous studies showing positive effects of different
cushion plant species on both exotic species in the high-
Andes of Chile (Cavieres et al. 2007). For instance, at
the lowest distribution limit of A. monantha cushions
(3100–3200 m), it has been shown that T. officinale
individuals have higher survival rates and higher net
photosynthetic performances within than outside
cushion-patches (Cavieres et al. 2005). Indeed, at lower
elevations (2700–3100 m) where A. monantha cushions
are not present, both T. officinale and C. arvense are
commonly detected within habitat patches created by
another cushion species belonging to the Apiaceae,
Laretia acaulis, and it has been shown that T. officinale
has higher photosynthetic performances, and C. arvense
higher survival rates, within cushions of  L. acaulis
(Cavieres et al. 2006). In the present study we establish
the potential of cushions to promote biological inva-
sions along environmental gradients, making stressful
landscapes more susceptible to biological invasions
than expected in the absence of engineer species. Our
results support the hypothesis that ecosystem engineer-
ing by A. monantha cushions would promote biological
invasions towards higher stressful elevations through
positive effects on both the recruitment and the per-
formance of exotic species. While field observations
indicate that both T. officinale and C. arvense produce
viable seeds within and outside cushions, determining
whether the reproductive success of exotics is higher
within or outside cushions is an area for further
research. Indeed, although results of  the seedling
transplant experiments suggest that improved seedling
survival could be responsible for the higher abundance
of exotics within cushion patches, other mechanisms
such as seed delivery and germination may also influence
the patterns observed.

Effects of invasive engineer species on native com-
munities have been reported and discussed in recent
years (Crooks & Khim 1999; Crooks 2002; Castilla
et al. 2004; Cuddington & Hastings 2005). Indeed,
Anderson et al. (2006) have reported that dam-building
activities of  introduced beavers (Castor canadensis)
in Cape Horn, Chile, negatively affect the recruitment
of native tree species while increasing the number of
exotic herbaceous species. However, despite this large
interest in evaluating the impacts of exotic ecosystem
engineers, positive effects of  native engineer species
on exotic species, as in the present study, have not
been previously recognized as a mechanism that may
promote biological invasions. Our results support
the hypothesis that engineer species that ameliorate
environmental harshness positively affect the per-
formance of  invaders. Indeed, the fact that C. arvense
was only detected within cushion-engineered habitat
patches at the highest elevation strongly suggests
that ecosystem engineering may increase the distri-
butional range of  exotic species along environmental
gradients. Thus, given the conspicuousness of  engin-
eering processes in nature (Wright & Jones 2006),
our results suggest that exotic species eradication

programmes might be less successful if  they do not
take into account the facilitative effects of  native
engineer species on invaders. Further, we suggest
that the recent proposals to use engineer species in
ecosystem restoration (Byers et al. 2006) should be
aware of  their potential role in promoting invasions.
As our results suggest, the introduction of  ecosystem
engineers to restore degraded ecosystems may also
result in an increased susceptibility of these ecosystems
to invasion by exotic species.
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