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Abstract
Anthropogenic activities have increased disturbances and alien woody invasion in mountain ecosystems worldwide. Whether 
disturbances promote or counteract upward movement of woody aliens is poorly understood. We assessed if the most success-
ful woody invader of low mountains of central Argentina (Gleditsia triacanthos) might expand its elevational distribution in 
response to the principal disturbances of these ecosystems (fire and livestock browsing) across increasing climatic severity. 
We assessed seedling emergence, growth and mycorrhizal colonization on sown plots distributed in burned and unburned 
sites, with and without browsing at the lower and upper elevation belts (i.e. 1000 and 2400 m a.s.l.). Additionally, several 
abiotic variables were measured to relate their influence on the seedling establishment. Disturbances reduced seedling emer-
gence at both elevations. Burned conditions increased seedling growth and arbuscular colonization only in the lower belt. 
Seedling success (total seedling biomass per plot) was not modified by disturbances at the upper elevation, but was reduced 
by browsing and enhanced by fire in the lower elevation. The overall reduction in seedling emergence and growth in the 
upper elevation despite the higher soil nutrient content places climate as the strongest regulator of G. triacanthos seedling 
establishment. Accordingly, climate rather than disturbances would be the main limiting factor of upward expansion of this 
woody alien. Our findings differ from general patterns described for mountain invasion by herbaceous species, highlighting 
that mountain invasibility is highly growth-form dependent, and that upper range expansion by woody aliens interacting 
with multiple disturbances should be assessed worldwide.
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Introduction

Biological invasions have been described as one of the major 
drivers of global change (Sala et al. 2000). Mountain eco-
systems are still mostly free of alien plants (Pauchard et al. 

2009; Pyšek et al. 2011) and climate has been assumed as 
the main responsible factor limiting alien species’ spread 
towards highlands (Millennium Ecosystem Assessment 
2005). However, alien plants are currently spreading upward, 
possible mediated by the increase in global temperature, 
propagule pressure and anthropogenic disturbances (Alex-
ander et al. 2016). While disturbances might promote alien 
expansion in the lower belt, their influence on alien expan-
sion toward higher elevations remain unclear, mainly due to 
opposite evidences (e.g., Callaway et al. 2002; D’Antonio 
et al. 2001; Milbau et al. 2013; Lembrechts et al. 2016). 
Additionally, it has been suggested that the magnitude and 
direction of the combined effects of multiple disturbances 
on alien expansion are dependent on species and ecosystem 
properties (Lonsdale 1999; Dietz and Edwards 2006).

In mountain ecosystems with marked climatic gradients, 
competition usually dominates the outcome of alien suc-
cess at the lower elevation, whereas facilitation dominates 
at higher elevations (Callaway et al. 2002; D’Antonio et al. 
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2001). Two of the most important disturbances influenc-
ing alien plant dynamics are fire and browsing by domestic 
cattle. Fire removes native vegetation, which might have 
antagonist effects on post-burned seedling establishment, 
depending on elevation. For example, fire might relax com-
petition at low elevations, promoting seedling emergence 
and growth, whereas it might interfere in facilitation inter-
actions at high elevations (D’Antonio et al. 2001; Callaway 
et al. 2002). Indeed, vegetation removal imposed by fire 
might increase seedling stress by decreasing soil humidity 
and increasing soil temperature fluctuations (Certini 2005); 
all these effects might reduce seedling establishment mainly 
in the upper belt of mountains (Körner 1999). Addition-
ally, along the entire elevation gradient, fire might enhance 
seedling growth through nutrient release into the soil (Qui-
roz et al. 2011). On the other hand, browsing by livestock 
reduces seedling establishment particularly in alien palat-
able species (Mazía et al. 2001; Capó et al. 2016). Moreo-
ver, seedling resprouting after browsing may be reduced 
under the harsher climates that prevail at higher elevations 
(Körner 1999; Marcora et al. 2013). Alternatively, brows-
ing might promote alien seedling establishment if livestock 
browse selectively on native species (Kimball and Schiffman 
2003; Relva et al. 2010). Finally, both disturbances might 
reduce seedling establishment by increasing soil impedance 
(Kozlowski 1999).

It has been recently proposed that, to gain a more compre-
hensive understanding of the plant invasion process, symbi-
otic interactions between alien plants and soil biota should 
be considered, since most alien plants need to rely on com-
patible belowground mutualists in their new environment 
(Nuñez and Dickie 2014; Urcelay et al. 2017). Although 
arbuscular mycorrhizal fungi (AMF) are among the most 
abundant soil symbiotic organisms and are particularly rel-
evant for some range-expanding alien species (e.g., Gundale 
et al. 2014), there is evidence of a decrease in their diver-
sity and root colonization with elevation (Gai et al. 2012), 
as well as after a fire (Longo et al. 2014, 2016). Addition-
ally, complex effects of the interaction between herbivores, 
mycorrhizae and host plants have been observed (Gehring 
and Whitham 1994). As mycorrhizal colonization might be 
affected by climate, disturbances and soil characteristics 
in complex ways (van der Heyde et al. 2017), the indirect 
effect of AMF on seedling establishment cannot be easily 
predicted.

Most experiments testing interactive disturbance effects 
on seedling establishment of invasive plants under contrast-
ing climatic conditions have been performed with grass and 
forb species, whereas experiments with woody alien spe-
cies are almost absent in the literature (Stevens and Latimer 
2015, but see Milbau et al. 2013). Woody plants were fairly 
recently recognized as major invaders due to their substantial 
and growing impacts on biodiversity, ecosystem functioning, 

and human livelihoods (Richardson et al. 2014). Understand-
ing the mechanisms underlying woody alien upward expan-
sion is, therefore, of key importance, particularly during 
early establishment, when seedlings are primarily limited by 
biotic and abiotic factors (Körner 1999; Nuñez and Dickie 
2014; Tecco et al. 2016).

In Sierras Grandes Mountains of central Argentina, fire 
and livestock are the principal drivers of landscape dis-
tribution and vegetation dynamics (Cingolani et al. 2003; 
Argañaraz et al. 2015). While invasion by several woody 
species threatens most vegetation remnants in the surround-
ing low-mountain areas (Giorgis and Tecco 2014; Zeballos 
et al. 2014; Giorgis et al. 2016), the upward expansion of 
most of them is still incipient (Giorgis et al. 2011a). That is 
the case of the North American tree Gleditsia triacanthos 
L. (honey locust), an invader of several ecosystems world-
wide (Richardson and Rejmánek 2011), which has been 
described as one of the most successful woody invaders of 
low-mountain ecosystems and whose current distribution 
is still restricted to the lower belts (Giorgis et al. 2011b). 
Results of seed addition experiments in Sierras Grandes sug-
gest that G. triacanthos can germinate throughout the eleva-
tion range but a low proportion of those emerged seedlings 
can successfully overwinter in the upper belt (Tecco et al. 
2016). The removal of vegetation driven by disturbances has 
been found to be favorable for G. triacanthos establishment 
in the lowland grasslands (Mazía et al. 2001; Chaneton et al. 
2004; Mazía et al. 2010). Finally, this species is browsed by 
livestock (Capó et al. 2016) and colonized by AMF (Tecco 
et al. 2013).

Whether post-burned conditions and browsing promote 
or counteract seedling emergence, growth and mycorrhizal 
root colonization of G. triacanthos seedlings is unknown; 
in addition, whether their effects differ between elevations 
with contrasting environmental conditions is also unknown. 
Considering that seedling emergence, growth and survival 
of woody species decrease with elevation in response to cli-
matic conditions in mountains across the world (e.g., Körner 
1999; Marcora et al. 2013; Tecco et al. 2016), we hypoth-
esize that the relative influence of disturbances on seedling 
establishment of G. triacanthos becomes dependent on cli-
mate with increasing elevation (D’Antonio et al. 2001; Calla-
way et al. 2002), with disturbance-driven restrictions being 
increased and disturbance-driven facilitation being lessened 
towards the upland. The net outcome of this multiple inter-
action on seedling success is not straightforward given the 
antagonist effects that each disturbance can promote. We 
set out an experimental approach that specifically assessed 
seedling emergence, growth and AMF root colonization of 
G. triacanthos on sown plots distributed in (1) burned and 
unburned sites, (2) with and without livestock browsing and 
(3) in the lower and the upper mountain belt of a mountain 
system in central Argentina. Since disturbances might affect 
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different microsite variables that are expected to affect seed-
ling emergence, growth and mycorrhizal colonization, sites 
were characterized in terms of soil impedance, moisture, 
temperature and physicochemical soil properties to relate 
those possible changes to response variables.

Methods

Study site

The study was conducted in the Sierras Grandes Mountains, 
Córdoba, central Argentina. Mean annual temperature in the 
lower belt is 15.7 °C, dropping to 7.4 °C at the mountain top 
(Marcora et al. 2008). There is no frost-free period above 
1800 m a.s.l. Mean annual precipitation varies between 
750 and 970 mm along the elevational gradient, with most 
rainfall concentrated in the warmer months, from October 
to April, and with a positive effect of elevation on rainfall 
(Colladon et al. 2010). Accordingly, environmental changes 
along the elevational gradient are characterized by signifi-
cant decreases in soil temperature and increasing soil mois-
ture towards the upper belt (Tecco et al. 2016).

Two contrasting elevations were selected near the Lin-
deros Road at 1000 (32°5′S; 64°41′W) and 2400 m a.s.l. 
(32°3′S; 64°54′W), representative of the lower and upper 
elevational belts. The vegetation of selected areas is char-
acterized by mosaics of tussock grasslands and short graz-
ing lawns in the upper belt (Cingolani et al. 2004), whereas 
the lower belt is characterized by tall and short grasslands 
(Giorgis et al. 2011b).

The oldest economic activity in this area is livestock rear-
ing (sheep and cattle), with anthropogenic winter–spring 
fire to promote forage regrowth (Argañaraz et al. 2015). 
At the end of winter in September 2013, an extensive fire 
occurred that affected the entire elevational range of the 
Sierras Grandes Mountains. The experiment was established 
2 months after that fire event.

Study species

Gleditsia triacanthos L. (Fabaceae) is a thorny tree native 
to the temperate forests of North America, where it tolerates 
low temperatures (up to − 34 °C in the north of its distri-
bution area; Little 1971). This species has been recorded 
as a woody invader in several ecosystems worldwide 
(Rejmánek and Richardson 2013). In the mountain systems 
of central Argentina, G. triacanthos is the most frequent 
woody invader of the Chaco Serrano woodlands (i.e., the 
lowest elevation in this study; Giorgis et al. 2011b), form-
ing almost mono-specific stands or being co-dominant with 
other native or alien woody species (Fernández et al. 2017). 
Fruits are consumed and dispersed by cattle (Ferreras and 

Galetto 2010), which also eat the saplings (Capó et al. 2016). 
Regardless of the high invasiveness of this species, its eleva-
tional distribution remains below 1500 m a.s.l. (Giorgis et al. 
2011a, b).

Experimental design

An experimental approach was used to evaluate the effects 
of post-burned conditions and livestock browsing at two 
contrasting elevations (i.e., 1000 and 2400 m a.s.l.) on G. 
triacanthos seedling emergence, growth and mycorrhizal 
colonization. The lower elevation was chosen as representa-
tive of the actual distribution of adult individuals, whereas at 
the upper elevation the species can potentially establish but 
is not currently present (Tecco et al. 2016). Elevation sites 
were chosen in an attempt to encompass similar fire inten-
sity and browsing. At each elevation, we selected a 2-h area 
subjected to livestock grazing and including both burned and 
unburned sites. The sown plots were distributed randomly 
within each burned or unburned site, but ensuring that all 
had similar micro-topography (e.g., little or no slope). Each 
sown plot was at a minimum distance of 50 m from another 
of the same treatment. At each elevation, seeds of G. tria-
canthos were sown in 18 plots in burned sites and in 18 plots 
in unburned sites. Half of the sown plots in each burned and 
unburned site were protected from livestock-browsing using 
cylindrical cages staked to the ground (Tecco et al. 2016). 
Rings (45 cm diameter × 50 cm height) were erected with a 
2-cm-mesh stainless solid net and walls of these cylindrical 
structures were further covered with a 1-mm-mesh stainless 
net. The upper extreme of the rings was also covered with 
a 1-cm-mesh stainless net. No net was placed at the bottom 
of the rings. Cages did not prevent arthropod herbivory or 
neighboring vegetation growth. Uncaged seeds were pro-
tected with square (50 × 50 cm) 1-cm-mesh green net staked 
to the ground, which prevented seeds from being washed 
away and allowed seedling emergence. This net did not pro-
tect the seedlings from herbivores. The experimental design 
comprised a total of 72 sown plots (2 elevations × 2 fire con-
ditions × 2 browsing conditions × 9 replicates). A total of 100 
seeds of G. triacanthos were sown in each plot. Since these 
seeds have physical dormancy, they were mechanically scar-
ified with sandpaper before sowing (Ferreras et al. 2015).

Site characterization

Burned and unburned sites at both elevations were charac-
terized in terms of livestock stocking rate, soil impedance, 
soil moisture, soil temperature, physicochemical soil prop-
erties and vegetation and bare ground cover. For a better 
characterization, most of these variables were measured at 
the beginning (i.e., recently burned conditions) and at the 
end of the experiment (i.e. end of the growing season) to 
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have a better picture of their changes and potential effects 
on seedling emergence and growth along the experiment. 
Soil moisture and temperature were measured with greater 
frequency (monthly and every 3 h, respectively), because 
they are expected to suffer high oscillations. Soil physico-
chemical properties were measured only at the beginning of 
the experiment due to logistical constraints.

Stocking rate was estimated by calculating the proportion 
of fresh dung in 50 randomly selected quadrats (30 × 30 cm) 
per site. Soil impedance (kg cm−2) was measured using a 
penetrometer (E-280 Pocket Penetrometer) at two randomly 
selected points in each sown plot. Soil moisture was meas-
ured at 7 cm with a “Moisture Probe Meter” (MPB-160-B 
of ICT International Pty Ltd) at each sown plot (N = 72). 
Soil temperature was measured with sensors buried at ~ 7 cm 
depth (Thermochron iButton DS1921G). Three sensors were 
randomly placed within each elevation and fire condition 
(N = 12). Soil samples used for physicochemical determina-
tion were obtained from the upper 5 cm of each sown plot 
at the beginning of the experiment. These 72 soil samples 
were randomly grouped within each treatment to obtain 
three mixed soil samples per elevation and fire condition 
(N = 12). Soil was analyzed in terms of pH, organic matter, 
organic C, Total N, C:N ratio, P,  Ca2+ and  K+ (see methods 
in Online Appendix 1).

Vegetation and bare ground cover were measured in 
all sown plots. For this, percentages of growth forms (i.e., 
shrubs, herbs, grasses and ferns), rocks, litter and bare 
ground cover were recorded using a scale ranging from 0.05 
(less than 1%), 1, 2, 3, 5, 8, and 10, and increasing every 5% 
up to 100%.

Seedling establishment

The number of emerged seedlings per plot was recorded 
monthly from November 2013 to the end of the growing sea-
son (April 2014). Occurrence of predation and/or removal 
of sown seeds by insects was recorded monthly. We consid-
ered that predation occurred when observed insects predat-
ing at any moment of the experiment or when the sum of 
seedlings and ungerminated seeds was less than 100. Then, 
all these signs of seed predation were categorized as pres-
ence or absence of seed predation (i.e. each plot had zero 
or one for seed predation). Seedling growth (i.e., height 
and plant aboveground dry biomass) was measured at the 
end of the growing season (April 2014), when all seedlings 
were harvested. In the laboratory, aboveground biomass 
was measured with a balance (± 0.001 mg) after drying at 
60 °C for 48 h. The total seedling biomass per plot was 
then recorded as a measure of the success of G. triacanthos 
seedlings under each condition (i.e., the growth of all seed-
lings that emerged and survived in each plot). For simplicity 
and to avoid confusion of this variable with mean individual 

seedling biomass, we will hereafter refer to total seedling 
biomass per plot as seedling success.

Root mycorrhizal colonization

To assess mycorrhizal colonization in each seedling, har-
vested roots were separated and washed with water. All dead 
and damaged roots were discarded. All thin roots (< 2 mm 
without apparent suberin) that could be potentially colo-
nized were cleared and stained, following Grace and Stri-
bley (1991). Then they were mounted on semi-permanent 
slides in polyvinyl–lactic acid–glycerol. Root endophyte was 
quantified by the magnified intersection method (McGonigle 
et al. 1990) using a compound microscope (Nikon Eclipse 
E200), at 200 × magnification. Eighty to one hundred inter-
sections per slide (i.e. per individual) were scored, depend-
ing on sample size. Vesicles (lipids reservoirs), arbuscules 
(intricately branched haustoria are considered the major 
site of exchange between fungus and host) and hyphae were 
identified (Smith and Read 2008). The presence of arbus-
cules in roots is used to determine AMF colonization in 
plants. However, since these structures are ephemeral and 
may be absent in roots, hyphae and vesicles are also used to 
indicate the presence of AMF. Percentage of AMF coloniza-
tion (i.e., vesicle, arbuscule and total) was assessed as the 
proportion of total root intersections that were colonized and 
was calculated as follows:

Fungal colonization = 100 × (Number of intersections 
with fungal structure/Total number of intersections counted).

Data analysis

Stocking rates were analyzed using GLMM with binary 
error structure (dung presence/absence; glmer function, lme4 
package) using the logit function, and date as random fac-
tor (i.e., begging and end of the experiment). The effect of 
fire, elevation and interactions between these factors on soil 
impedance, moisture and temperature was analyzed using 
general linear mixed models (GLMM) with Gaussian error 
structure correction for the heteroscedasticity (gls function, 
nlme package) including date as random factor (begging and 
end for soil impedance, month for soil moisture, hours for 
temperature). Soil physicochemical properties were ana-
lyzed with general linear models (GLM) with Gaussian error 
structure and correction of heteroscedasticity variance (ident 
function). Non-metrical multidimensional scaling (NMDS) 
was performed for percentages of soil cover by growth 
forms, based on Euclidean distances using vegan package. 
Furthermore, the envfit function was used to assess which 
variable (i.e., shrubs, herbs, ferns, grasses, rocks, litter and 
bare ground cover percentage) was the most important in 
explaining differences among plots subjected to different 
treatments at the begging and end of the experiment.
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The effect of fire, browsing and elevation and interac-
tions among these factors on seedling emergence, growth 
and root colonization was assessed. The number of emerged 
seedlings per plot 1 month after sowing and seedling suc-
cess were analyzed using GLM with Gaussian error struc-
ture correcting for the heteroscedasticity (gls function, nlme 
package) using the varIdent function. Individual seedling 
height and dry biomass were analyzed using GLMM with 
Gaussian error structure (lmer function, lme4 package) with 
individuals nested into plots. Dry biomass data were  log10 
transformed. Signals of seed predation per plot (presence/
absence) were analyzed via GLM with quasibinomial error 
structure due to overdispersion. Additionally, percentages of 
total, arbuscular and vesicular colonization were averaged 
per plot and analyzed using GLM (gls function). Arbuscular 
colonization heteroscedasticity was corrected using varIdent 
function. A posteriori differences were assessed using simul-
taneous tests for general linear hypotheses (glht function, 
multicomp package). All the analyses were performed with R 
version 3.2.4 (R Development Core Team 2016). Differences 
were considered significant at p ≤ 0.05.

Results

Site characterization

Stocking rate did not differ between elevations or fire con-
ditions (Table 1). Soil impedance was higher in burned 

than in unburned plots in the lower belt (Table 1). Soil 
moisture and temperature were highest at the lower eleva-
tion, and differed between burned and unburned plots in 
the upper belt (Table 1). Differences in most soil physico-
chemical properties were determined by elevation rather 
than by fire (Table 1), i.e., soils of the upper belt showed 
significantly higher values of organic matter, C and N, 
whereas pH,  Ca2+ and  K+ were higher in soils of the lower 
belt. The highest soil P content was recorded in burned 
plots in the upper belt (Table 1).

The main differences in soil cover of sown plots at the 
beginning of the experiment (i.e., 2 months after fire) were 
between fire conditions rather than elevations (Fig. 1). 
Burned plots showed a higher percentage of bare ground, 
whereas unburned plots exhibited the highest grass, forb 
and litter cover percentages (Table 2). At the end of the 
experiment, the differences between burned and unburned 
plots were less marked and showed lower soil cover heter-
ogeneity than at the beginning of the experiment (Fig. 1). 
Nonetheless, percentages of bare ground remained high 
at the end of the experiment in burned plots, and differ-
ences between elevations became more important, particu-
larly due to grass and herb cover (Table 2). All in all, at 
the beginning and end of the experiment, the percentages 
of bare ground (r2 = 0.95, p = 0.001; r2 = 0.79, p = 0.001, 
respectively), grass cover (r2 = 0.80, p = 0.001; r2 = 0.70, 
p = 0.001) and herb cover (r2 = 0.62, p = 0.001; r2 = 0.73, 
p = 0.001) were the most important variables explaining 
the differences among sown plots (Fig. 1).

Table 1  Livestock rates and physicochemical soil properties of burned and unburned sites at two elevations in the Sierras Grandes Mountains, 
Central Argentina *p ≤ 0.05; **p ≤ 0.01;***p ≤ 0.001

Livestock stocking rate was measured as the proportion of fresh dung in 50 randomly selected squares (30 × 30 cm). Mean ± 1 SE are provided. 
Different letters indicate significant differences (P ≤ 0.05; Tukey’s test). F or Z values and R2 or deviance of models are provided

2Low elevation (1000 m a.s.l.) High elevation (2400 m a.s.l.) F or Z R2 or Deviance

Burned Unburned Burned Unburned Elevation Burned Interaction

Livestock rate (prop) 0.13 ± 0.05 0.18 ± 0.06 0.10 ± 0.04 0.17 ± 0.06 0.19 1.42 0.377 328.77
Impedance (kg cm−2) 3.31 ± 0.19 a 2.39 ± 0.29 b 2.01 ± 0.13 b 1.87 ± 0.16 b 33.43*** 18.03*** 25.45*** 0.39
Soil moisture (%) 47.39 ± 0.46 a 47.84 ± 1.17 a 33.54 ± 1.57 c 41.18 ± 1.51 b 17.94*** 122.23*** 14.53*** 0.41
Soil temperature (°C) 20.80 ± 1.71 a 20.73 ± 1.71 a 14.47 ± 1.71 b 13.72 ± 1.71c 2741.56*** 10.24** 7.13** 0.98
Physicochemical soil prop.
 Org. matter (%) 6.17 ± 0.03 a 6.80 ± 0.31 a 14.47 ± 1.53 b 15.47 ± 1.38 b 66.43*** 0.62 0.03 0.89
 Org. carbon (%) 3.57 ± 0.06 a 3.93 ± 0.31 a 8.40 ± 1.50 b 8.97 ± 1.40 b 67.76*** 0.61 0.03 0.90
 Nitrogen total (%) 0.29 ± 0.01 a 0.34 ± 0.03 a 0.70 ± 0.11 b 0.78 ± 0.11 b 83.89*** 1.79 0.16 0.91
 C:N 12.20 ± 0.31 11.77 ± 0.12 12.03 ± 0.49 11.53 ± 0.19 0.42 2.27 0.01 0.25
 Phosphorus (ppm) 4.53 ± 0.87 a 3.27 ± 0.35 a 12.17 ± 0.87 b 5.13 ± 1.55 a 22.41** 17.10** 8.26* 0.86
 pH 6.07 ± 0.06 a 6.40 ± 0.22 a 4.70 ± 0.06 b 4.53 ± 0.22 b 99.04*** 0.26 2.37 0.93
 EC (ds m−1) 0.67 ± 0.09 0.77 ± 0.13 0.50 ± 0.06 0.67 ± 0.15 1.42 1.42 0.09 0.27
 Ca2+(meq. 100 g−1) 21.67 ± 0.33a 26.33 ± 3.92 a 5.17 ± 0.33 b 4.50 ± 0.58 b 92.32*** 1.01 1.79 0.92
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Seedling establishment

Seedling emergence was significantly higher in undisturbed 
plots (i.e., unburned without browsing) than in disturbed 
plots, irrespective of elevation (Fig. 2a; Table 3). Differences 
between treatments in terms of height and individual seed-
ling aboveground biomass were also observed (Table 3). In 
the lower belt, seedling height and biomass were  highest in 
burned plots, whereas biomass was lowest in plots exposed 
to livestock browsing (Fig. 2b, c; Table 3). Contrarily, no 
effects of fire or browsing were detected at the upper belt.

In terms of seedling success, total seedling biomass per 
plot was not modified by browsing at the upper belt, but was 
reduced by browsing at the lower belt (Fig. 3). Contrarily, 
fire had no effects on total seedling biomass at both eleva-
tions (Table 3).

Predation of sown seeds by ants (mainly Acromyrmex 
lundi) was recorded before seedling emergence and also 

differed among treatments. There were signs of seed pre-
dation in 83% of burned plots vs 19% of unburned plots 
[ZFire = 4.820; p(> |Z|) < 0.0001], irrespective of eleva-
tion or browsing [ZElevation= 1.864, p(> |Z|) = 0.06 and 
ZBrowsing= 0.07, p(> |Z|) = 0.94].

Root mycorrhizal colonization

Both individually and combined, fire and browsing tended 
to promote total mycorrhizal colonization at both eleva-
tions, although differences in mycorrhizal percentage 
were not statistically significant (Table 3). Colonization 
by arbuscules was significantly higher in burned plots, but 
only at the lower elevation (Fig. 2d; Table 3). There were 
no differences in vesicle colonization among treatments.

Fig. 1  Non-metrical multidimensional scaling (NMDS) on soil cover 
of sown plots both at the a start (initial) and b end (final) of the 
experiment (2 and 7 months after burning, respectively). The result-
ing polygons for each category (burn, unburned, 1000 and 2400  m 

a.s.l.) are graphed to facilitate interpretation. Vectors represented 
each soil cover categories including shrubs (Sh), ferns (Fs), herbs 
(Hs), grasses (Gs), rocks (Rs), litter (Lr), and bare ground (Bsc)

Table 2  Percentage of soil cover (means ± SD) per plot (N = 72 plots) on the sowing (initial) and harvest (final) dates (2 and 7 months after burn-
ing, respectively)

Total cover per plot might be higher than 100% due to cover overlap. Differences in soil cover among treatments and dates were analyzed 
through non-metrical multidimensional scaling (NMDS; see Fig. 1)

Date Elevation Fire Shrubs Grasses Forbs Litter Ferns Rock Bare ground

Initial Low Burnt 0 3.39 ± 4.56 4.56 ± 6.05 0 0 0 96.94 ± 6.48
Unburnt 0 10.44 ± 9.59 64.72 ± 21.79 17.78 ± 10.18 0 0 12.67 ± 12.46

High Burnt 0.056 ± 0.24 11.89 ± 12.08 7.11 ± 5.45 0.28 ± 1.18 0.17 ± 0.38 0.06 ± 0.24 83.33 ± 15.24
Unburnt 3.22 ± 6.39 39.17 ± 27.98 29.17 ± 12.98 21 ± 15.33 1.5 ± 2.64 0.56 ± 2.36 15.56 ± 17.29

Final Low Burnt 0 13.6 ± 19.53 36.33 ± 27.07 4.07 ± 3.91 0 0 50.67 ± 29.39
Unburnt 0 12.5 ± 9.85 81.94 ± 15.64 4.44 ± 2.99 0 0 6.47 ± 8.72

High Burnt 6 ± 11.99 37.59 ± 30.25 17.33 ± 13.27 4.63 ± 5.50 5.19 ± 9.34 0.73 ± 2.49 32.18 ± 28.29
Unburnt 5.74 ± 8.37 46.68 ± 32.18 29.05 ± 19.67 10.47 ± 11.14 7.11 ± 10.24 0.61 ± 2.29 10.45 ± 14.61
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Discussion

The net effects of combined disturbances and climate on 
the upward expansion of alien plants, particularly woody 
species, are poorly understood (Alexander et al. 2016; 
Pauchard et al. 2009). Indeed, disentangling these complex 

interactions in which several local factors are involved 
highlights the need for local assessments (Lonsdale 1999; 
Alba et al. 2015). Therefore, our work contributes novel 
data for the understanding of upward spread of woody 
aliens, through the evaluation of some of the main factors 
structuring vegetation in mountains (i.e., fire, browsing 
and climate). In line with global patterns, seedling success 

Fig. 2  Seedling establish-
ment of Gleditsia triacanthos 
in response to elevation, fire 
and browsing conditions. a 
Seedling emergence 1 month 
after sowing; b seedling height; 
c individual seedling biomass; 
d arbuscular mycorrhizal 
colonization (AMC). The last 
three variables were measured 
per individual seedling at the 
end of the growing season. 
Bars correspond to means + 1 
SE. Letters indicate mean dif-
ferences between treatments 
(Tukey, p ≤ 0.05)

Table 3  Summary of factorial models used to evaluate the effects of elevation (E), fire (F), livestock browsing conditions (B) and their interac-
tions on seedling emergence, growth and mycorrhizal colonization

P-values in bold indicate significant differences between levels of one factor or between interaction terms of two or three factors
Analysis details are given in “Methods”. Sample size was 72 plots for total biomass and emergence, 214 seedlings for height, individual biomass 
and mycorrhizal colonization

Elevation (E) Fire (F) Browsing (B) E × F E × B F × B E × F × B

Total biomass 
(df = 29)

t = 0.362 
p = 0.720

t = 0.724 
p = 0.475

t = 2.675 
p = 0.012

t = 0.905 
p = 0.373

t = 2.310 
p = 0.028

t = 0.794 
p = 0.434

t = 0.821 
p = 0.418

Emergence 
(df = 69)

t = 0.967 
p = 0.337

t = 2.667 
p = 0.027

t = 1.022 
p = 0.311

t = 0.793 
p = 0.431

t = 0.288 
p = 0.775

t = 2.650 
p = 0.010

t = 1.199 
p = 0.235

Height 
(df = 203)

Chi = 10.815 
p = 0.001

Chi = 2.632 
p = 0.105

Chi = 17.729 
p < 0.001

Chi = 21.032 
p < 0.001

Chi = 2.454 
p = 0.117

Chi = 0.527 
p = 0.468

Chi = 5.605 
p=0.018

Individual bio-
mass (df = 67)

Chi = 63.093 
p < 0.001

Chi = 10.450 
p = 0.001

Chi = 30.158 
p < 0.001

Chi = 40.703 
p < 0.001

Chi = 5.068 
p = 0.024

Chi = 0.028 
p = 0.866

Chi = 5.965 p 
= 0.015

Total mycorrhi-
zal (df = 36)

t = 1.114 
p = 0.275

t = 1.413 
p = 0.169

t = 1.216 
p = 0.234

t = 1.428 
p = 0.164

t = 0.149 
p = 0.884

t = 0.154 
p = 0.879

t = 0.046 
p = 0.963

Arbuscular 
mycorrhizal 
(df = 36)

t = 1.798 
p = 0.083

t = 3.257 
p = 0.003

t = 0.708 
p = 0.485

t = 2.586 
p = 0.015

t = 0.056 
p = 0.956

t = 0.911 
p = 0.370

t = 0.778 
p = 0.443

Vesicular 
mycorrhizal 
(df = 36)

t = 0.699 
p = 0.485

t = 0.769 
p = 0.443

t = 0.832 
p = 0.406

t = 0.027 
p = 0.978

t = 0.478 
p = 0.633

t = 0.170 
p = 0.865

t = 0.275 
p = 0.784
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decreased with elevation, confirming that climate is the 
major constraint (Körner 1999) despite the increasing soil 
quality towards the upper elevations. Yet, and in accord-
ance with our hypothesis, the response of G. triacanthos 
seedling emergence, growth and mycorrhizal root coloni-
zation to post-burned conditions and browsing varied with 
elevation, as reflected by most of the significant interac-
tion terms (Table 3). The magnitude and direction of those 
responses, however, did not follow a common trend, but 
seemed to be dependent on climate and not on other fac-
tors that change between elevations and characterize sites.

Disturbance‑driven changes in microenvironment 
regardless of elevation

Site characterization showed that disturbances had similar 
effects in both elevations, that is, fire explained the main 
differences in vegetation and bare ground cover between 
burned and unburned sites regardless of elevation (Table 2, 
Fig. 1) and livestock rates did not differ between elevations 
or burned conditions (Table 1).

Several biotic and abiotic factors that affect seedling 
establishment are expected to change along elevation gra-
dients and to be modified by disturbance (Körner 1999). 
Accordingly, all physicochemical soil variables differed 
between elevations and some of them between fire condi-
tions in the studied mountains (Table 1). Soils from the 
upper belt exhibited better conditions for seedling establish-
ment—lower impedance and higher nutrient content—than 
soils from the lower belt. In turn, the lower belt seemed to 
provide better conditions—higher soil moisture and temper-
ature. Fire increased this trend of differences between eleva-
tions in terms of impedance and moisture (i.e., the highest 
impedance in the lower belt and the lowest soil moisture in 

the upper belt) and soil quality (i.e., increasing soil phos-
phorus content in burned plots only in the upper elevation). 
Overall, these results suggest some antagonism between 
climatic and the micro-environmental abiotic scenarios to 
which seedlings are exposed along the elevation gradient 
(i.e., better climatic conditions on worse physicochemical 
soil conditions).

Disturbance‑driven changes in seedling 
establishment

Fire had antagonistic effects at each development stage of G. 
triacanthos establishment, i.e., negative on seedling emer-
gence and positive on growth (Fig. 2a–c), particularly in the 
lower belt. Accordingly, the final outcome was an absence 
of fire-driven changes in seedling success at both elevations 
(Fig. 3).

Livestock browsing had negative effects on seedling 
emergence at both elevations, and on seedling growth at the 
lower belt. Although browsing effects might become more 
negative with elevation due to lower resprouting rates under 
harsher climatic conditions (Marcora et al. 2013), the nega-
tive effects of browsing were not increased at the upper ele-
vation; rather, the opposite occurred, i.e., browsing exclusion 
showed the highest effect in seedling success at the lowest 
elevation (Fig. 3), even when stocking rates were similar 
between elevations (Table 1).

Assessing each seedling development stage separately 
might help us to understand the disturbance-driven mecha-
nisms affecting early establishment of the species. Seedling 
emergence was higher in undisturbed plots at both elevations 
suggesting that both disturbances would be constraining, 
but not hindering, the expansion of this invader at the early 
seedling establishment stage (te Beest et al. 2015). Live-
stock might reduce seedling emergence through browsing 
and trampling (Adams 1975; Tjelele et al. 2015). In turn, 
environmental stresses (Körner 1999) and seed exposure 
to predation (Muschetto et al. 2015) could be hypothesized 
as possible explanations to the lower emergence in burned 
plots. For instance, given the high percentage of bare ground 
in burned plots (Table 2), seeds and seedlings might have 
been exposed to harsh microclimatic conditions, such as 
drastic oscillations in temperature and humidity in surface 
soil layers (Gimeno-García et al. 2000). Seed predation is 
one of the most important factors determining the lack of 
seedling regeneration of many species (Ordóñez and Retana 
2004 and references therein). In our study, we observed ants 
removing pieces of imbibed seeds. Ants are among the most 
efficient seed predators in burned areas (Ordóñez and Retana 
2004) and the abundance of seed-harvesting ants increases 
after a fire in some mountain ecosystems (Arnan et al. 2007).

Regarding seedling growth, fire increased both individ-
ual seedling height and biomass only at the lower elevation 

Fig. 3  Total aboveground biomass of G. triacanthos per plot at the 
end of one growing season. Bars correspond to means + 1 SE. Letters 
indicate mean differences between treatments (Tukey, p ≤ 0.05)
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(Fig. 2b, c). In grasslands, grasses and forbs are superior 
competitors over tree seedlings (De Steven 1991); therefore, 
this result is consistent with the reduced competition due to 
vegetation removal by fire (Chaneton et al. 2004; Tjelele 
et al. 2015). This mechanism could be expected to be at play 
in the study area given the overall reduction in neighboring 
vegetation and litter after the fire (Table 2). Contrarily, the 
expected increase in soil nutrients induced by fire would 
not explain the increased seedling growth, considering that 
the highest phosphorus concentration was found in burned 
sites at the upper elevation (Table 1), whereas the highest 
seedling growth was recorded in burned sites at the lower 
elevation (Fig. 2b, c).

The effects of fire on emergence and growth of G. tria-
canthos reported for this mountain system partly differ 
from those observed in Inland Pampas Grasslands in cen-
tral Argentina, where burning increased seedling emergence 
in wet years, whereas growth of establishing trees was sig-
nificantly reduced in burned grassland plots (Chaneton et al. 
2004; Mazía et al. 2010). These differences further support 
the hypothesis that the influence of different disturbances 
on seedling establishment and performance of alien species 
would be variable among ecosystems (Alba et al. 2015).

While total mycorrhizal colonization was similar in 
both elevations and disturbance conditions, an increase in 
arbuscule colonization was observed in burned plots only 
at the lowest elevation. This increase of arbuscule colo-
nization in burned sites might occur via changes in AMF 
spore composition, i.e., higher abundance of ruderal AMF 
species that increase colonization under stressful condi-
tions (Grümberg et al. 2015; Longo et al. 2016). Contra-
rily, at the upper elevation the arbuscular colonization was 
not affected by disturbances possibly due to contrasting 
strategies between fungal communities along the gradi-
ent. Indeed, stress-tolerant fungus species are expected to 
dominate under harsh conditions such as those of high-
lands, whereas ruderal and competitive fungus species 
would prevail at lower elevations (Chagnon et al. 2013). 
For instance, unlike ruderal AMF species, stress-tolerant 
species are predicted to respond slowly to disturbances 
and reduced competition. Most importantly, the absence of 
differences in arbuscule colonization between treatments 
in the upper elevation mirrored the pattern of seedling 
growth at this elevation, and further supports climate 
as the major constraint on upward expansion. While the 
benefits that increased arbuscular colonization provides 
to G. triacanthos seedlings need to be confirmed through 
experimental testing, the patterns observed in the field do 
show maximum seedling growth under burned conditions 
in the lowest elevation. Plant interactions with soil biota 
have proved to be relevant to understand the success of 
some range-expanding alien species (e.g., Gundale et al. 
2014). Accordingly, our findings on AMF colonization 

suggest that the plant–fungus interaction might influence 
plant invasiveness. Our results also call for specific experi-
mental assessment and further highlight the relevance of 
soil biota in mountain invasion (Urcelay et al. 2017).

Context‑dependent effects of fire and browsing 
on alien invasion

Seedling success of G. triacanthos was severely reduced 
in the upper belt in the absence of disturbances, whereas 
in the lower belt, the individual and interacting effects of 
disturbances boosted changes in seedling establishment 
(i.e., main disturbance-driven responses in growth or AMF 
recorded at the lower elevation). This result is in line with 
our hypothesis, which postulates that the relative influence 
of disturbances on vegetation processes becomes depend-
ent on climate with increasing elevation (D’Antonio et al. 
2001; Callaway et al. 2002). We infer supremacy of climate 
over soil physicochemical properties underlying seedling 
success, since our results show that climatic restrictions 
overcompensate favorable soil nutrient conditions for seed-
ling growth towards increasing elevation. Similarly, other 
studies found that harsher climatic conditions constrain alien 
seedling growth, despite nutrient increases and competitive 
releases promoted by disturbances (Poll et al. 2009; Ansari 
and Daehler 2010). The predominance of climate influence 
might also explain the lack of increase in seedling growth in 
burned plots at the upper elevation despite the higher phos-
phorus content in soils (Table 1). Our results disagree with 
those of Lembrechts et al. (2015) for high-latitude mountain 
regions, who reported disturbance as the main positive deter-
minant of invasion success of herbaceous species along the 
entire elevation gradient. These differences further highlight 
the importance of discriminating major growth forms when 
exploring general invasion patterns, since the different forms 
respond differently to local environmental and climatic 
pressures (Larson et al. 2001; Giorgis et al. 2016). Studies 
involving other woody species and mountain systems are 
necessary to confirm the generality of this pattern.

The overall success of this woody alien species in this 
fire-prone mountain ecosystem (Argañaraz et al. 2015) will 
certainly depend on fire response at other stages of its life 
cycle. G. triacanthos is known to have heat-tolerant seeds 
(Ferreras et al. 2015), post-fire seedling establishment (this 
study), and post-fire survival of adult trees through resprout-
ing (Herrero et al. 2016). These responses show that this 
invader is equally adapted to fire as the resident woody 
species (Torres et al. 2014; Jaureguiberry and Díaz 2015). 
Cattle browsing might prevail as the major constraint to its 
persistence and expansion (Capó et al. 2016) in the lower 
belt of central Argentina mountains, despite the role of cattle 
as seed dispersers (Ferreras and Galetto 2010).
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Fewer but worse: upward spread of woody aliens

As forbs and graminoids are the major components of the 
alien flora in mountain systems (Alexander et al. 2016), the 
pooling of all growth forms suggests that herbaceous species 
might drive general patterns of mountain invasion. Although 
less representative in number, woody aliens are also under-
going upper range expansion (Pauchard et al. 2009; Gior-
gis et al. 2011a; Alexander et al. 2016), which—given their 
overwhelming impact worldwide (Richardson and Rejmánek 
2011)—might become an important threat to the unique bio-
diversity and important ecosystem services of mountain sys-
tems (Pauchard et al. 2009; Alexander et al. 2016).

The presence of livestock rearing throughout the moun-
tain range might guarantee the effective dispersal of G. tria-
canthos and helps to overcome the propagule pressure limi-
tation that characterizes most mountain invasion (Pauchard 
et al. 2009; Giorgis et al. 2016). In turn, we suggest that 
climate rather than disturbances might be the main limiting 
factor for G. triacanthos upward expansion in mountains 
of central Argentina. However, the potential for seedling 
emergence throughout the elevation gradient reinforces that 
climate alone might not prevent early seedling establishment 
of this invader well above its current elevation distribution 
(Tecco et al. 2016). Accordingly, upper range expansion of 
several woody alien species is expected in this mountain 
ecosystem (Tecco et al. 2016; Giorgis et al. 2011a, 2016; 
Urcelay et al. 2017). Although their response to multiple dis-
turbances along the elevational gradient remains to be tested, 
woody native and alien species have shown high post-fire 
survival (Herrero et al. 2016), which might allow for their 
spread once propagule pressure restrictions towards higher 
elevations are overcome (Giorgis et al. 2016), emphasizing 
that climate would be the most important limiting factor for 
this growth form.

Upward movement of lowland woody alien species has 
also been reported for other mountains worldwide (Pauchard 
et al. 2009; Alexander et al. 2016). Even if climate proves 
a major limitation for early establishment in several woody 
species in high mountains, global warming might reduce 
these restrictions and consequently allow for acceleration of 
the invasion process. Detailed understanding of the ecology 
of individual species is still necessary to formulate general 
principles that apply widely across species and mountain 
systems. Further experimental approaches as the one used 
in this study might overcome the lack of evidence of woody 
invasion in mountains and contribute to comprehensive 
predictions.
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