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Abstract: Pinus contorta is considered one of the most invasive tree species worldwide, generating
significant impacts on biodiversity and ecosystems. In several Patagonian ecosystems in southern
Chile, it has escaped from plantations established mainly in the 1970s, and is now invading both
forests and treeless environments. In this study, we evaluated the impact of the invasion of P. contorta
on microenvironmental conditions in Araucaria araucana forest and Patagonian steppe ecosystems,
and assessed how these changes related to the richness and abundance of native and non-native
plant species. In each ecosystem, 24 plots of 100 m? were established along a gradient of P. contorta
biomass, where 18 environmental variables and the composition of native and non-native vegetation
were measured at a local scale. Our results indicated that increased pine biomass was associated with
differences in microclimatic conditions (soil and air temperature, photosynthetically active radiation
(PAR), and soil moisture) and soil properties (potassium, nitrate, pH, and litter accumulation). These
changes were ecosystem dependent, however, as well as associated with the level of invasion. Finally,
the reduction in the richness and abundance of native plants was associated with the changes in
soil properties (accumulation of leaf litter, pH, and organic matter) as well as in the microclimate
(minimum air temperature, PAR) generated by the invasion of P. contorta. Overall, our results confirm
that the invasion of P. contorta impacts microenvironmental conditions (i.e., canopy cover, litter
accumulation, minimum air temperature, and maximum soil temperature) and reduces native plant
diversity. For future restoration plans, more emphasis should be given to how environmental changes
can influence the recovery of invaded ecosystems even after the removal of the living pine biomass
(i.e., legacy of the invasion).

Keywords: microclimate; mountain; steppe; Araucaria araucana; tree invasions; soil nutrients

1. Introduction

The invasion of non-native trees generates a range of impacts on ecosystems, from loss
of species [1] and of ecosystem functioning [2] to changes in environmental conditions [3],
nutrient cycling, litter decomposition, and soil biota [4]. These impacts are context depen-
dent and generally change in relation to the level of invasion [5-7]. Among non-native tree
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species, some of the most invasive species worldwide belong to the genus Pinus spp. [8].
These species have historically been introduced into different ecosystems worldwide be-
cause of the forestry industry, and have become especially problematic in South Africa,
Australia, New Zealand, and more recently in South America [9]. Because of their wide
invasive range and the multiple ecosystems they invade, they have been proposed as a
model for understanding the impact of invasive species on ecosystems [10].

In Chile, Pinus spp. were introduced during the 16th century for ornamental use
and later for erosion control and dune stabilization [11]. During the 20th century, use
of Pinus species in forestry was promoted and many experimental monocultures were
planted, generating a significant change in land use in native ecosystems, mainly in the
central-southern zone of Chile [12]. These deliberate introductions, coupled with high
anthropogenic pressure, have allowed some of these exotic species to disperse beyond
their original introduction sites, invading a large part of central and southern Chile [11,13].
Among the different introduced Pinus species in Chile, Pinus contorta has been one of the
most successful in invading sites beyond the original population, showing high invasibility,
especially in cold ecosystems [14].

The high invasibility of P. contorta is mainly due to its early seed production, small
seed size and short time intervals between massive seed production events, coupled with
high growth rates under a broad range of environmental conditions [15,16]. This invasion
success is further favored by natural and anthropogenic disturbances (e.g., fire), and the
fact that tree-free ecosystems such as grasslands and shrublands facilitate the establishment
of P. contorta [15,16]. A positive feedback loop between the level of invasion (establishment
rate) and fire frequency has been shown to exist, but only in dense Pinus contorta stands
(>1000 trees/ha) [16,17].

The study of the ecosystem impacts of P. contorta in Chile has been focused mainly
on the impacts on the diversity of native plants, the influence on the fire cycle, and on the
functional traits of native communities [6,18,19]. In Araucaria araucana forest and Patagonian
steppe ecosystems, it has, for example, been shown that the presence of P. contorta decreases
native species richness [6,19]. Furthermore, the increase in abundance of P. contorta has
generated changes in the functional traits of the Patagonian steppe community, mainly
favoring the presence of traits related to shade tolerance and the selection of conservative
reproductive strategies. These changes are associated with the increase in tree cover
generated by P. contorta and the subsequent decrease in photosynthetically active radiation
(PAR) [19]. Finally, individuals of P. contorta have been shown to have a higher flammability
compared with native species of the genus Nothofagus spp. in the Araucaria araucana
forests, which increases the risk of fire in invaded ecosystems [18].

This increasing knowledge of the impacts of P. contorta invasion on plant diversity
contrasts with what is known about the impact of its invasion on environmental variables,
specifically on soil nutritional conditions (nutrients, pH, leaf litter, etc.) and microclimate
(soil and air temperature, soil moisture). Quantifying these impacts can help to elucidate
potential underlying mechanisms responsible for the decrease in native species richness
and abundance associated with P. contorta invasion. For invasions by other tree species,
significant changes in microclimatic conditions have already been observed, with important
downstream effects on the richness and abundance patterns of native species. For example,
the presence of the invasive species Robinia pseudoacacia in South African grasslands has
been shown to decrease average temperatures by about 2 to 3 °C. It also changed light avail-
ability, which directly impacted the abundance of endemic arthropods (family Acrididae)
due to habitat transformation [3]. Similarly, the invasion by Pinus mugo in alpine zones of
central Europe influenced the microclimate (decreased water and light availability) and
soil conditions (more fertile soils), generating changes in the storage of organic matter and
increasing soil acidity. Here also, consequent modifications in the patterns of richness and
abundance of native species in alpine ecosystems were observed [4].

Understanding these environmental changes generated by the invasion of P. contorta
in Patagonian ecosystems can not only help to disentangle the mechanisms underlying
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the decline in the richness and abundance of native species but can also help to predict
the long-term impact of the invasion on ecosystems, especially once the invasion has been
controlled through conservation or restoration programs [20]. Therefore, considering the
current patterns of P. contorta invasion in Araucaria araucana forest and Patagonian steppe
in Chile, it is important to ask how the increased biomass of the P. contorta invasion impacts
environmental conditions (i.e., microclimate, soil conditions and nutrients) of the invaded
ecosystems and if these local changes in conditions can explain the decrease in native plant
diversity generated by the invasion of P. contorta in these invaded ecosystems.

Knowing all this, we set out to evaluate the changes in environmental conditions
across an invasion gradient of P. contorta in mountain forest (i.e., Araucaria araucana forest)
and steppe (i.e., Patagonian steppe) ecosystems in southern Chile. We also analyzed how
the resulting steep gradients in microenvironmental conditions were associated with trends
in native plant diversity. We hypothesized that the increase in biomass of P. contorta modi-
fied the environmental conditions (microclimate, soil conditions and nutrients) of invaded
ecosystems, generating conditions with less seasonal variation (i.e., cooler summers and
warmer winters, drier summers) and lower nutrient availability. In addition, we hypoth-
esized that the environmental changes generated by the increase in P. contorta biomass
would coincide with a decrease in native plant richness in the invaded ecosystems.

2. Materials and Methods
2.1. Study Area

This study was carried out during the growing season of 2014-2015 in two sites in
southern Chile, an open temperate mountain forest and a steppe ecosystem (Figure 1a). The
Araucaria araucana forest was located on the southern slopes of the Lonquimay volcano, within
the Malalcahuello National Reserve, in south-central Chile (38° S 25'20"-71° W 32/31"), at
altitudes of ~1440 m.a.s.l. This ecosystem has a cool climate (mean annual temperatures
of 8.5 °C) and a large amount of precipitation (~3083 mm), mainly in the form of winter
snow. The vegetation of this ecosystem has been shaped by natural pressures resulting from
glaciation processes and intense volcanic activity. Within this ecosystem, we can find Araucaria
araucana forest near the treeline, often with an understory of Festuca scabriuscula, whereas the
lower elevations are dominated by Nothofagus spp. forests (e.g., N. antarctica, N. obliqua, N.
alping) and a dense undergrowth of the native bamboo Chusquea culeou (Table S1) [11].

The second studied ecosystem was a Patagonian steppe near the city of Coyhaique
(45° S 30'05"-72° W 42/10") at altitudes close to 730 m.a.s.l. The climate in this area is
considered dry and cold, characterized by high precipitation, again mainly in the form of
snow, with a precipitation of less than 80 mm during the growing season. Mean annual
temperatures are around 6-9 °C. The vegetation is dominated by herbaceous species such
as Festuca pallescens, and some cushion plants: Baccharis magellanica, Acaena integerrina, and
Mulinum spinosum (Table S1).

In both ecosystems, P. contorta was introduced during the 1970s-1980s, and since the
original planting both areas have seen an increase in the distribution of P. contorta outside
the original plantations [10,11]. In the A. araucana forest in Malalcahuello, there is now an
invaded area greater than 200 ha, with about 5500 pines (>1 m) per ha in the core area,
which is the product of an invasion process which began in the 1990s (Figure 1b). In the
Patagonian steppe, the invasion is still at an earlier stage, with about 3100 pines per hectare.
The currently invaded area of close to 100 ha results from only 8 years of invasion outside
the original plantation (Figure 1c). The spread of pines has caused an invasion gradient,
with higher pine biomass and older, bigger trees near the edge of the plantation and very
sparse small trees and low biomass further from the edge [6,14].
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Figure 1. Location of the study sites in the Malalcahuello National Reserve (A. araucana forest) and
Coyhaique Alto (Patagonian steppe) (a). Average diametric distribution (pines > 1 m) along the
invasion gradient for A. araucana forest (b) and Patagonian steppe (c) ecosystems.

2.2. Experimental Design

Across the P. contorta invasion gradient in both regions, 24 plots of 10 x 10 m were
randomly selected, using stratified sampling to ensure that all pine biomass levels were ade-
quately represented (Figure 2a,b). Within each 100 m? plot, the dendrometric characteristics
(i.e., DBH and height) of all tree individuals were measured and the total aerial biomass of
P. contorta was estimated based on the mathematical functions previously developed for
this species (Figure 1b,c) [18]. In the case of the A. araucana forest, pine biomass ranged
from 0 to 156 t/ha~! of P. contorta, whereas in the Patagonian steppe it ranged from 0 to
50.26 t/ha~!.
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Figure 2. Aerial photograph of the study sites with 10 x 10 m plots along an invasion gradient (red
dots) and general characterization associated with hemispheric photos of the level of invasion (low,
medium, and high) of P. contorta for A. araucana forests (a) and the Patagonian steppe (b). Dark green
polygons show initial establishment of P. contorta plantations.

In the 100 m? plots, canopy cover was measured in the center of the plot using a
hemispheric camera at 1 m above the ground. In each plot, soil moisture and temperature
were recorded at 5 cm depth with a Hobo Micro station H21-002 datalogger. Near-surface
air temperature was recorded at 20 cm above the soil in each plot with a HOBO U23-001
Pro v2 Temp/HR sensor. Soil and air temperature and soil moisture data were recorded
every hour over the summer.

In addition, each 10 x 10 m plot had four 1 m? interior subplots which were used to
measure local variables of species richness listing total native and non-native species, total
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abundance (measured as the added percentage cover of each species), light availability, soil
nutrients, and litter content.

PAR (photosynthetically active radiation, in pmolm—2s~!) was measured in summer
at midday (12-14 pm) with approximately 3 monthly measurements using a luxmeter.
Soil samples were taken (25 g per subplot) until 100 g were obtained from the first 10 cm
of soil (O-horizons). Each sample was analyzed for phosphorus (P) and potassium (K)
content (mg/kg), pH in water, nitrogen measured as nitrate (NO3 ~) in mg/kg, and organic
matter content by calcination. Analyses were carried out at the Soil, Water, and Forestry
Laboratory of the Universidad de Concepcién. Finally, within each 1 m? subplot, total litter
content and litter depth were measured. The total litter content was measured by collecting
all litter present in 400 cm? of each subplot, which was dried in an oven at 70 °C until it
reached a constant weight and then weighed.

All variables were measured during the growing season (December—February). Micro-
climatic variables (soil temperature, air temperature, and humidity) were averaged over
that same period.

2.3. Data Analysis

All analyses were run in R version 4.1.1 [21].

To evaluate the relationship between the P. contorta biomass and plant diversity (i.e.,
richness and abundance of native and non-native plant species), soil properties (i.e., litter
content and soil nutrients), and microclimatic conditions (i.e., soil and air temperature, soil
moisture, and light availability) in both the A. araucana forest and the Patagonian steppe, we
used linear regression models, using the “Im” function of the base package. The biomass of
P. contorta was used as the independent variable in all analyses, with the 18 environmental
variables measured in this study as dependent variables.

Similarly, to determine whether changes in P. contorta biomass and soil and micro-
climate conditions correlated with changes in native plants’ richness, generalized linear
models (GLM) were made, using native species richness as the dependent variable and soil
and microclimate variables as the independent variables (only variables that were modified
by the presence of P. contorta were included in this analysis). The “glm” function was used
to perform the GLM, and the models were adjusted to a Poisson distribution error with a
log link function to correct for log-normality in the species richness and total abundance
data. All graphs were made with the ggplot2 package [22].

3. Results
3.1. Impact of P. contorta Invasion on Environmental Conditions

Increased density of P. contorta invasion was associated with significant changes in
microclimatic conditions and soil properties. These changes were, however, different in the
two regions (i.e., context dependent). For variables such as canopy cover, PAR light, total
litter, nitrate content, and richness and abundance of native species, the effect of P. contorta
was more intense in the Patagonian steppe than in the A. araucana forest (Table 1).

The increase in P. contorta biomass in the A. araucana forest decreased the maximum
soil temperature (p = 0.003) and air temperature (p < 0.001), but increased the minimum
air temperature (p = 0.004) (Table 1; Figure 3a—). In the Patagonian steppe, the increase
in P. contorta biomass generated an increase in minimum air temperature (p < 0.001) and a
decrease in soil moisture (p = 0.031) (Table 1; Figure 4a,b).
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Table 1. Estimated parameters, standard errors (SE), t-values, p-values, and Cohen’s coefficients
for effect size (f2) for the models of both sites for all variables measured as a function of P. contorta

biomass. Significant p-values are marked in bold (p-value < 0.05).

A. araucana Forest

Patagonia Steppe

Estimated SE t-Value p-Value Vil Estimated SE t-Value p-Value Vi

Temp. max. soil —0.048 0.014 —3.244 0.003 0.42 —0.092 0.048 —1.923 0.067 0.14
Temp. max. air —0.065 0.011 —5.624 <0.001 1.33 0.020 0.026 0.762 0.454 0.02
Temp. min. soil —0.001 0.011 —0.167 0.869 0.01 —0.006 0.012 —0.479 0.636 0.01
Temp. min. air 0.016 0.003 4.104 0.004 0.69 0.033 0.005 6.478 <0.001 1.90
Soil moisture —0.007 0.001 —0.394 0.697 0.01 —0.001 0.006 —2.298 0.031 0.24
Organic matter —0.006 0.006 —0.921 0.367 0.04 —0.028 0.009 —3.088 0.005 0.43
Nitrate (NO3-) —0.006 0.003 —0.203 0.841 0.01 —0.041 0.012 —3.347 0.002 0.50
Phosphorus (P) 0.010 0.021 0.505 0.618 0.29 —0.017 0.029 —0.606 0.551 0.05
Potassium (K) —0.004 0.001 —2.517 0.019 0.29 —0.001 0.001 —1.165 0.257 0.01
pH —0.002 0.001 —2.547 0.018 0.29 <0.006 0.001 0.05 0.960 0.01
Canopy cover 0.004 0.006 7.518 <0.001 2.41 0.012 0.009 12.486 <0.001 5.80
PAR —4.685 1.267 —3.697 0.001 0.50 —22.716 4.144 —5.482 <0.001 4.98

Total Litter 0.738 0.0005 6.390 <0.001 1.85 0.833 0.175 4.739 <0.001 1.02
Litter depth 0.012 0.003 3.215 0.003 0.47 0.059 0.015 3.750 0.001 0.63
Non-nat. richness —0.010 0.003 —2.942 0.007 0.39 —0.040 0.009 —4.052 0.005 0.42
Non-nat. abundance —0.204 0.041 —4.973 <0.001 1.12 —0.165 0.027 —5.996 <0.001 0.62
Nat. richness —0.058 0.015 —3.846 0.008 0.67 —0.435 0.063 —6.842 <0.001 0.68
Nat. abundance —0.855 0.158 —5.400 <0.001 1.33 —1.185 0.177 —6.681 <0.001 0.66

(*f?) Cohen’s f? coefficient values less than 0.02 are considered to have a small effect, those up to 0.15 a medium

effect, and those above 0.35 a large effect.
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Figure 3. Relationship between Pinus contorta biomass and maximum soil and air temperatures (a,b),
minimum air temperature (c), potassium (d), pH (e), canopy cover (f), PAR light (g), total litter (h),
and litter depth (i) for Araucaria araucana forest. The lines show the linear model fit and the 95%
confidence interval. R? is the adjusted R?.
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Figure 4. Relationship between Pinus contorta biomass and minimum air temperature (a), soil
moisture (b), organic matter (c), nitrate content (d), canopy cover (e), PAR light (f), total litter (g), and

litter depth (h) for Patagonian steppe. The lines show the linear model fit and the 95% confidence
interval. R? is the adjusted R?.

For both ecosystems, PAR light decreased (p < 0.001) whereas canopy cover, total
litter, and litter depth increased (p < 0.001) significantly with increasing P. contorta invasion
(Table 1; Figures 3g—i and 4f-h).

In the case of soil properties, the increase in P. contorta biomass in the A. araucana
forest generated a decrease in potassium content (p = 0.019) and pH levels (p = 0.018)
(Table 1; Figure 3d,e), whereas in the Patagonian steppe, the increase in biomass of
P. contorta decreased both the percentage of organic matter (p = 0.005) and the nitrate
content in the soil (p = 0.002) (Table 1, Figure 4c,d).

In summary, in the Patagonian steppe, P. contorta had the strongest effects on minimum
air temperature, organic matter, nitrate content, canopy cover, PAR, and total litter, whereas
in the A. araucana forest, it had the strongest effects on maximum soil and air temperature,
minimum air temperature, canopy cover, PAR, total litter, and litter depth (Table 1).

3.2. Effect of Microenvironmental Change on Native Plant Diversity in Ecosystems Invaded by
P. contorta

We observed that the invasion of P. contorta in both ecosystems was related to a lower
native plant richness (p = 0.008/p < 0.001) and abundance (p < 0.001) (Table 1, Figure 5a—d),
as well as non-native plant richness (p = 0.007/p = 0.005) and abundance (p < 0.001) (Table 1,
Figure Sla—d).
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Figure 5. Relationship between the biomass of Pinus contorta in Araucaria araucana forest and Patago-
nian steppe and native plant richness (a,b) and native plant total abundance (c,d). The lines show the
linear model fit and the 95% confidence interval. R? is the adjusted R?.

Based on these patterns, the decrease in native plant richness in the A. araucana forest
was related most strongly to the increase in total litter content (p = 0.044) and decrease
in pH levels (p = 0.034) (Table S2; Figure 6a,b). In the case of the Patagonian steppe, the
decrease in native plant richness is explained by the increase in minimum air temperature
(p = 0.001) and the decrease in organic matter (p = 0.001) (Table S3, Figure 6¢,d).

Native plant abundance for A. araucana forest decreased in parallel to decreasing
maximum soil temperature (p < 0.001) (Figure 7a), pH (p < 0.001) (Figure 7b), litter content
(p < 0.001) (Figure 7c), and canopy cover (p < 0.001) (Figure 7d), and other microclimatic
and soil condition variables (i.e., maximum air temperature (p < 0.001) and potassium
content (p = 0.037)) (Table S4). In the case of the Patagonian steppe, the abundance of native
plants decreases with increasing minimum air temperature (p = 0.012) (Table S5; Figure 8a),
nitrate content (p = 0.036) (Table S5; Figure 8b), and with decreasing organic matter content
(p < 0.001) (Table S5; Figure 8c) and PAR light (p = 0.008) (Table S5; Figure 8d).
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Figure 6. Relationship between native plant species richness and pH (a) and litter content (b) for
Araucaria araucana forest, and the relationship between native plants and minimum air temperature
(c) and percentage organic matter (%) (d) for the Patagonian steppe. The lines show the linear model
fit and the 95% confidence interval and the color gradient at the points corresponds to the biomass

gradient of Pinus contorta.
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Figure 7. Relationship between native plant species, total abundance and maximum soil temperature
(a), pH (b), litter content (c), and canopy cover (d) for Araucaria araucana forest. The lines show the
linear model fit and the 95% confidence interval, and the color gradient at the points corresponds to
the biomass gradient of Pinus contorta for the Araucaria araucana forest.
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Figure 8. Relationship between native plant total abundance and minimum air temperature (a),
nitrate content (b), organic matter (c), and PAR light (d) for the Patagonian steppe. The lines show
the linear model fit and the 95% confidence interval and the color gradient at the points corresponds
to the biomass gradient of Pinus contorta for the Patagonian steppe.

4. Discussion
4.1. Impact of P. contorta Invasion on Microenvironmental Conditions

Our results showed a significant impact of P. contorta invasion on microclimatic con-
ditions (i.e., maximum/minimum soil and air temperatures, light availability, and soil
moisture), soil nutrients (i.e., nitrate, potassium) and soil properties (i.e., pH, organic matter
accumulation, and litter depth). These environmental changes observed along the gradi-
ent of P. contorta invasion also correlated strongly with the reduction in the richness and
abundance of native and even non-native plants.

Recent studies had already documented the impacts of P. contorta on litter content (ac-
cumulation) in Patagonian ecosystems in both Chile and Argentina [23]. To our knowledge,
however, there have up until now been no studies evaluating the impacts of P. contorta
on microclimatic conditions or other soil properties. Nevertheless, literature has shown
comparable effects of other invasive tree species on these local conditions as found in
our study. For example, the invasive tree Bellucia pentamera invading forest ecosystems
in Indonesia caused an increase in mean air temperature and phosphorus and nitrogen
content, while reducing water content [24]. The invasion of Pinus mugo in alpine ecosystems
of central Europe has a similar effect, where ecosystems invaded by P. mugo generated
drier, shadier, and more nutrient-rich ecosystems compared with non-invaded alpine grass-
lands [4]. Unlike these other case studies, however, the invasion of P. contorta in this study
largely reduced temperatures. For example, it has also been reported that the presence of
Robinia pseudoacacia species generated significant decreases in light intensity and average
temperature (decrease of about 2 °C) in grassland ecosystems [3], whereas the same species
generated less humid and warmer environments in the Carpathian-Pannonian region [25].
This reduction will have implications not only for plant communities, but also animal
species, especially ectotherms [3].



Diversity 2023, 15, 320

12 of 16

Our study reinforces the idea that there is a tendency for treeless ecosystems such
as the Patagonian steppe to be more susceptible to changes in conditions, compared with
ecosystems that have historically presented a forested structure (tree cover and understory)
such as the Araucaria araucana forest. This low presence of non-native plants may be
correlated with the effect of P. contorta on nutrient availability (i.e., nitrogen content) and
low PAR light availability. In ecosystems without trees invaded by P. contorta, the loss
of species is greater compared with forested ecosystems such as the Araucaria araucana
forest [6,19,26].

4.2. Variables Explaining the Reduction in Native Plant Richness in Invaded Ecosystems

The reduction in native plant richness is one of the most documented impacts of Pinus
contorta invasion [6,23,27]. Similarly, in our study we found a negative correlation between
pine biomass and species richness and total abundance of native plants (Figure 5). This
effect on the composition of native plants was also mirrored in the reduction in richness
and abundance of non-native plants in both studied ecosystems.

Reduced plant diversity of both native and non-native plants in ecosystems invaded
by P. contorta has for years been attributed to the increased accumulation of P. contorta leaf
litter, which inhibits plant recruitment [23,28]. In addition, especially in treeless ecosystems,
this decrease is associated with a decrease in light availability resulting from the increase
in canopy cover, which affects the growth of shade-intolerant species [19]. This effect
is common in invasive trees but also in over-dominant shrubs and herbs, and has been
documented in different ecosystems, for example, the invasion of Hakea drupaceae in South
Africa [29], Acacia dealbata in Spain [30], Prosopis juliflora in the Arab Emirates [31], and
Carpobrotus spp. in Mediterranean islands [32].

In our study, we found similar patterns in which litter accumulation is correlated
with decreased native plant richness and abundance. On the other hand, canopy cover
is negatively correlated with native plant abundance in both ecosystems, without being
significantly related to species richness. However, we also determined that for the Araucaria
araucana forest the increase in the biomass of P. contorta was also correlated with more
acidic soils that could decrease the richness of native plants, whereas abundance of native
plants was strongly correlated with a decrease in minimum soil temperature and changes
in pH and potassium content. As for the Patagonian steppe ecosystems, the richness and
abundance of native plants was related most strongly to the increase in minimum soil
temperature and the decrease in organic matter. These results are consistent with studies
showing that the invasion of Carpobrotus spp., Alianthus altissima, and Oxalis pes-caprae
modified soil conditions (increasing K and decreasing pH) which contributed to a decrease
in native plant richness on Mediterranean islands [32]. Similar effects were caused by the
invasion of Acacia dealbata in Spain, which increased soil nutrients (N, P, K) and acidified
the soil, allowing non-native plants to become established and leading to a decrease in the
richness and abundance of native species [30].

As for changes in microclimatic conditions, mainly in cold ecosystems (e.g., mountains
or Patagonia), changes in temperature and soil moisture contribute significantly to the loss
of native plants [33]. Our results are consistent with experimental studies of temperature
manipulation indicating that native plant richness locally decreases with increasing soil
temperature, especially in cold ecosystems [34]. As such, the reduction in native plant
richness could be reflecting a scarcity of species with high thermal optima [35] or a more
complex response to drought and temperature interactions, especially considering that
most of these ecosystems are composed of native or endemic plants that have evolved
under particular environmental conditions during the last ice age [6,26,34]. Both the
Araucaria araucana forest (high elevation) and the Patagonian steppe (high latitude) are
cold ecosystems; therefore, the decrease in native species richness could be associated
with an interaction between the increase in soil temperature and the decrease in PAR
light availability.
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In this context, it is also important to consider that both ecosystems (A. araucana forest
and Patagonian steppe) have marked differences between extreme diurnal temperatures,
so that the reduction in this temperature difference, towards more temperate conditions,
could be generating phenological changes in the native plant community. Changes in
the phenology of native plants may be generating a mismatch between biotic interac-
tions with pollinators, which over time directly affects the richness and abundance of the
invaded communities [36,37].

It is important to note that the richness and abundance of non-native plants also
decreased with the invasion of P. contorta. These results are contradictory to the invasive
collapse hypothesis, which suggests that the presence of non-native species in a territory
facilitates the establishment of new non-native species [30,38]. This low presence of non-
native plants may be associated with P. contorta’s impact on nutrients (i.e., low nitrogen
content) and light (i.e., low PAR). Most of the other non-native species recorded in the area
are herbaceous species that have been dispersed through cattle and horses. So far, these
non-native species have clearly not adapted to the shady and drier conditions underneath
the pine invasion.

Within this context, we are aware of the potential limitations of an observational study
such as the one presented here [39]. However, the two study sites have been well studied
over several years and our sampling design has addressed local variations [6,26]. Thus,
we are confident that our results show a clear association between the reduction in native
plants and the changes caused by P. contorta on environmental conditions and are not
caused by other local variables prior to the invasion.

Finally, our results are important for planning and implementing ecological restoration
of invaded ecosystems. The strong impacts on microenvironmental conditions (mainly
in A. araucana forest) and plant diversity (mainly in Patagonian steppe) generated by the
invasion of P. contorta have been shown to be maintained over time, even once the species
is eradicated, in what has been called the legacy effect [28,40]. Generally, invasive tree
management increases the legacy of its short-term impacts, mainly associated with large
inputs of organic matter, disruption of plant—soil feedback and changes in soil conditions
(changes in pH and availability of essential nutrients) [20,40]. Therefore, understanding
the impacts of P. contorta on soil conditions (presence of Pinus leaf litter), soil nutritional
conditions (acid soils), and even microclimatic conditions (soil and air temperature), is
key information for managers. In addition, understanding the link between microenvi-
ronmental conditions and plant diversity in invaded sites allows us to determine the level
of tolerance of native species to these microenvironmental changes and to determine the
threshold of invasion that can be tolerated to avoid important losses of biodiversity. This
would allow the refining of control methods in the early stages of an invasion to obtain
optimal results, mainly on the recruitment of native and endemic plants and community
reassembly of ecosystems invaded by P. contorta after its removal.

5. Conclusions

Our results confirm that the impact of P. contorta is not only present in the reported
reduction in the richness and abundance of native and non-native plants, but that there is
also an important effect on microclimatic and soil conditions, specifically on the tempera-
ture extremes of both air and soil, as well as on nutrient availability (i.e., nitrate content
and phosphorus).

Several studies have already shown that the impact of P. contorta on litter accumulation
and canopy cover leads to a decrease in the richness and abundance of native plants.
Our study showed that the impact generated by P. contorta on other microenvironmental
variables, such as changes in microclimatic conditions (soil and air temperature) and soil
conditions (decreased pH and organic matter), could also explain the reduced richness
and abundance of native plants. The mechanisms behind the loss of biodiversity of native
species associated with plant invasion would thus not only depend on the competition
exerted by P. contorta, but also on the modifications that this species exerts on the abiotic
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environment. Moreover, these microenvironmental changes can have significant effects on
other functional groups (e.g., pollinators, decomposers) with important consequences for
the whole trophic network of the invaded ecosystems. To further disentangle these drivers,
we recommend field experiments to manipulate P. contorta biomass in invaded systems, to
assess the resulting changes in microenvironmental conditions and plant species richness
and abundance over time.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d15030320/s1, Figure S1: Relationship between the biomass of
Pinus contorta and the richness and abundance of non-native plant species; Table S1: List of plant
species and growth forms that make up each study ecosystem. P. contorta, the predominant invasive
tree species in each ecosystem; Table S2: Estimates, standard error, z-value, and p-values of all
measured environmental variables (variables that change with P. contorta biomass) that influence
changes in native plant richness in the A. araucana forest; Table S3: Estimates, standard error, z-
value, and p-values of all measured environmental variables (variables that change with P. contorta
biomass) that influence changes in native plant richness in the Patagonian steppe; Table S4: Estimates,
standard error, z-value, and p-values of all measured environmental variables (variables that change
with P. contorta biomass) that influence changes in native plant abundance in the A. araucana forest;
Table S5: Estimates, standard error, z-value, and p-values of all measured environmental variables
(variables that change with P. contorta biomass) that influence changes in native plant abundance in
the Patagonian steppe.
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