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A B S T R A C T   

Mountain protected areas provide a range of ecosystem services including conserving biodiversity, while often 
providing recreation and tourism opportunities. Unfortunately, tourists and pack animals used to transport 
equipment can damage sensitive alpine vegetation particularly when they leave trails. This study assessed the 
impacts of disturbance from off trail use on alpine vegetation in a popular park in the Andes. The effect of 
different levels of disturbance as well as abiotic factors on alpine steppe vegetation was assessed using gener-
alized linear models and ordinations in 91 plots (20 m2) in the popular Horcones Valley that is used to access 
remote areas in Aconcagua Provincial Park in Argentina. Disturbance off trails resulted in declines in the cover of 
native plants, including the endemic shrub Adesmia aegiceras but increases in the cover of herbs including the 
non-native Convolvulus arvensis. Increased disturbance was associated with shifts from stress tolerant species to 
ruderal plants characterized by more acquisitive traits, including shorter plants with greater Specific Leaf Area. 
The research demonstrates the severity of impacts from off trail trampling including how trampling favours some 
species with specific traits over others and why it is important to limit off track use in areas of high conservation 
value.   

1. Introduction 

Protected areas provide a range of ecosystem services including the 
conservation of biodiversity (Worboys et al., 2015). They are also 
important destinations for a range of nature-based tourism and recrea-
tion activities, with over eight billion visits to protected areas per year 
(Balmford et al., 2015). Among important types of protected areas are 
those that conserve mountain regions, which account for 32.4% of 
protected area globally (Rodríguez-Rodríguez et al., 2011). These areas 
are popular tourism destinations, and provide a wide range of ecosys-
tems services including protecting soils, acting as water sources for 
lowland areas, conserve biodiversity and contain important cultural and 
spiritual sites (Grêt-Regamey et al., 2012). Within mountain protected 
areas there can be intensive use of alpine valleys when they provide the 
main access to the highest peaks and other popular destinations (Pick-
ering and Barros, 2015b). Such intensity of use is of concern, as alpine 
vegetation is of high conservation value, with many endemic species, 

and is both very sensitivity to human disturbance and slow to recover 
once damaged (Ballantyne and Pickering, 2015b; Grabherr et al., 2010; 
K€orner et al., 2006). 

Although many recreational activities in mountain parks such as 
hiking, climbing and sightseeing, use networks of formal and informal 
trails (Ballantyne and Pickering, 2015a; Pickering and Barros, 2015b), in 
open landscapes with low growing alpine vegetation, tourist often leave 
trails to access creeks, rivers, short cuts and viewpoints damaging alpine 
vegetation off the trails (Barros and Pickering, 2017; Monz et al., 
2010b). Where pack animals are used to transport equipment in some 
remote mountain regions, they can also damage alpine vegetation and 
soils off trails when the animals are untethered, poorly controlled and in 
large groups (Barros and Pickering, 2017; Barros et al., 2014; Wal-
den-Schreiner et al., 2017). This can result in the degradation of 
extensive areas of alpine vegetation, resulting in changes in species 
composition and reductions in native biodiversity at local and landscape 
scales (Ballantyne and Pickering, 2015a; Marion et al., 2016; Mason 
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et al., 2015; Monz et al., 2010a). 
The tolerance of plants to human disturbance varies among species 

and is often associated with specific functional traits (Bern-
hardt-R€omermann et al., 2011; P�erez-Harguindeguy et al., 2013). 
Functional traits reflect plants ecological strategies and indicate how 
they might respond to changes in the environment (Diaz and Cabido, 
2001; Garnier et al., 2004; P�erez-Harguindeguy et al., 2013). Traits 
related to plant life cycle, such as plant height, Specific Leaf Area (SLA) 
and Leaf Dry Matter Content (LDMC), for example, are known to be good 
indicators of plants tolerance to disturbance (Garnier et al., 2004; Lav-
orel and Garnier, 2002; P�erez-Harguindeguy et al., 2013). Species with 
acquisitive traits, including low plant height and high SLA, such as many 
ruderal species, are often able to recover faster from human disturbance 
than taller plants with lower SLA (Bernhardt-R€omermann et al., 2011). 
In contrast, stress tolerant species characterized by conservative traits, 
including low SLA and tough long-lasting leaves with high LDMC, can be 
slow to recover once damaged (Bernhardt-R€omermann et al., 2011; 
Garnier et al., 2004). Other important traits relating to a tolerance to 
human disturbance include growth forms (Hill and Pickering, 2009). 
Shrubs, for example, are often less tolerant to trampling associated with 
tourism as their woody stems may be easily broken and their recover can 
be slower compared to grasses with horizontal and flexible stems or 
herbs with a rosette form (Liddle, 1997; Pickering and Growcock, 2009). 

While there is some research assessing the impacts of the construc-
tion and use of recreation trails on vegetation, there is limited research 
on impacts of disturbance due to trampling off trail (Ballantyne and 
Pickering, 2015a; Pickering and Norman, 2017). This is of particular 
concern given that dispersed use from off trail usage can result in 
extensive areas of vegetation damaged as often the relationship between 
level of use and disturbance is curvilinear, with proportionally greater 
impact at initial use (D0 Antonio and Monz 2016; Monz et al., 2013). The 
ecological impacts from off trail use, especially in popular areas, is a 
common concern for park managers but at the same time difficult to 
manage when dispersed use becomes spatially extensive across large 
areas (Korpilo et al., 2018; D’ Antonio and Monz 2016) 

The aim of this study was to assess the effects of off trail disturbance 
and abiotic factors on alpine vegetation in a popular mountain protected 
area in the dry Mediterranean Andes. The study incorporates the anal-
ysis of plant functional traits, as they provide information about the 
ecological processes driving the response of plant communities to 
disturbance (Mc Gill et al., 2006; Lavorel and Garnier, 2002). Specif-
ically, we compared the severity of damage from different levels of 
disturbance in terms of: 1) changes in native and non-native species 
richness, cover and composition, and 2) changes in functional trait 
composition with increasing disturbance in the most popular valley in 
Aconcagua Provincial Park in Argentina. We hypothesize that: 1) rec-
reation disturbance affects vegetation, but the effects differ based on 
growth form and species origin (i.e. native vs non-native), and 2) shifts 
in species dominance relate to functional traits, with stress tolerant 
species characterized by conservative traits more sensitive to recreation 
disturbance than those with ruderal traits. 

2. Methods 

2.1. Study site 

Aconcagua Provincial Park in Mendoza province, Argentina (710 
km2, 2400–6962 m a.s.l., 69�560 W, 32�39’ S), is a Category II, equiv-
alent to National Park, International Union for the Conservation of 
Nature (IUCN) Park in the Mediterranean Andes. The Park was estab-
lished to conserve glaciers, rivers, high Andean biodiversity as well as 
provide recreational activities to mountaineers and trekkers (Barros 
et al., 2015). It is in the Andean biogeographic region (Morrone, 2006) 
and is characterized by a cold and dry climate, with low temperatures 
year round (Barros et al., 2015). 

The Park includes the summit of Aconcagua, the highest peak in the 

southern and western Hemispheres, and it is a popular destination for 
mountaineers, hikers and sightseers (Barros and Pickering, 2017). With 
limited road access within the Park, pack animals are used to transport 
equipment for mountaineers from the road head along the main trails to 
remote campsites (Barros et al., 2015). The most intensively used area 
within the Park is the alpine zone in the lower part of the Horcones 
Valley (2800–3000 m a.s.l) with around 30,000 day visitors, and over 
4500 mountaineers and hikers and 3000 pack animals traversing this 
valley annually. This area provides the main place for tourists for 
tourists driving between Argentina and Chile, to stop, take a short walk 
to see the summit of Mt Aconcagua, and it is also the start of the most 
popular route to the summit (Barros et al., 2015). As a result of this 
intensive use, and the limited formal trails, an extensive network of over 
30 informal trails with an aggregate length of 20 km have formed in the 
valley resulting in soil erosion and compaction and loss of most vege-
tation along the trails (Barros and Pickering, 2017). Also impacts on 
vegetation and soils results from road and infrastructure construction 
and maintenance (Barros and Pickering, 2017). 

The topography of the valley consists of hummocky, rolling glacial 
till deposits with intermixed ridges and depressions, with an average 
slope of 8� (Espizua and Pitte, 2009). Vegetation in the Park is limited 
and mainly consists of the alpine steppe plant community that covers 
around 30% of the Park, and small areas of alpine meadow (0.4%) closer 
to rivers and other moist areas. On the low alpine zone within the Park 
(2800–3200 m a.s.l) including in the Horcones Valley, the alpine steppe 
community is characterized by small shrubs interspersed with tussock 
grasses and low growing perennial herbs with around 50% bare ground. 
Overall there is more than 120 plant species recorded, of which 11% are 
not native to the region (Barros and Pickering, 2014b). This includes 
some globally recognised environmental weeds including Convolvulus 
arvensis, Taraxacum officinale and Salsola kali (Barros and Pickering, 
2014b). Among the native species, there are several that are endemic to 
the Mediterranean Andes, including the shrub Adesmia aegiceras, the 
grass Poa holciformis and the herbs Tropaeolum polyphillum and Acaena 
pinnatifida (Mendez et al., 2006). 

2.2. Field sampling 

The most intensively used area of the Horcones Valley (237 ha) was 
mapped using a high resolution ALOS satellite image (ALOS, 2010) with 
the edges set by topography and the Park boundary. The extent of trails 
and infrastructure in this area was recorded in the field using a hand 
held Garmin Oregon 450 GPS (Wimpey and Marion, 2010). Previous 
research had documented extensive damage to this area including loss of 
vegetation along trails and fragmentation of the alpine steppe and 
meadows communities associated with the extensive network of 
informal trails (Barros and Pickering, 2017). 

To assess in more detail the impacts of disturbance off trails, the 
composition of steppe vegetation was surveyed in the Horcones Valley in 
91 plots 20 m2 (5 * 4 m) off the trail network (Fig. 1). Plots were 
randomly located across the main part of the valley and off the trail 
network using the Hawth Tool analysis extension in ArcGIS 10.1, with a 
minimum distance of 50 m between plots and the edge of the plots. This 
tool allows you to determine the criteria to randomly select the points (e. 
g. minimum distance between locations) as well as exclude areas that 
are not part of the survey plots (e.g. infrastructure areas, rivers, lakes). 
Disturbance, vegetation and abiotic variables were recorded in each plot 
during the period of most intensive tourism use of the park in summer 
which is also the period of peak plant growth. 

The level of disturbance per plot was assessed in the field using four 
clear visual measures of disturbance (Barros and Pickering, 2017): (1) 
evidence of horse/mule dung piles, (2) evidence of grazing (i.e. removal 
of shoot parts from grazing), (3) evidence of trampling (i.e. foot-
prints/hoofprints in the plot), and (4) soil movement (i.e. evidence of 
soil damage due to trail/road construction). The overall level of 
disturbance per plot was then calculated as the average of these four 
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Fig. 1. Map showing the 237ha area surveyed in Horcones Valley in Aconcagua Provincial Park (69�560 W, 32�390 S) to assess the effects of disturbance and abiotic 
factors on vegetation. Figure (a) 91 vegetation plots surveyed, roads, trails and visitor infrastructure in Horcones Valley, (b) location of the Park in Argentina, (c) 
location of the Valley and study area, (d) example of a high disturbed plot dominated by C. arvensis, and (e) example of a low disturbed plot dominated by native 
shrubs. Source satellite image: ALOS (2010) https://directory.eoportal.org/web/eoportal/satellite-missions/a/alos. 
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variables rounded to the nearest whole number, resulting in four overall 
disturbance categories: undisturbed (no evidence), low, medium or 
highly disturbed (Barros and Pickering, 2017). Other factors associated 
with disturbance were also recorded including how close the plot was to 
a trail. This was calculated as the shortest distance between the GPS 
centre of the plot and the nearest trail using the proximity tool in ArcGIS 
10.1. As fragmentation of the steppe vegetation by the trail network may 
also affect vegetation, fragmentation metrics (perimeter/area ratio, 
perimeter, mean patch size) were calculated in ArcGIS using the GIS 
data recording all trails in the area (Barros Pickering et al., 2014). 
Detailed methods about how fragmentation metrics were calculated for 
each patch fragmented by the trail network and infrastructure are 
detailed in Barros and Pickering (2017). 

In each plot, vegetation cover of all plant species and bare ground 
(including exposed soil or rock) was visually estimated to 1% accuracy 
in the field. Cover values were recorded in twenty 1 m2 subplots and 
then summed to obtain an overall cover values for the plot. This data 
was then used to calculate species richness (total, native and non- 
native), the cover of each species, the cover of native (shrubs, herbs, 
grasses) and non-native (only herbs) growth forms, total vegetation 
cover, native and non-native vegetation cover per plot. Taxonomy was 
based on the flora of southern South America (Zuloaga et al., 2008). 

Because abiotic variables can also affect vegetation composition, 
slope, soil texture and compaction were also recorded per plot. Slope 
(degrees) was recorded using a compass Brunton (International Pocket 
Transit 0–360�). To determine soil texture, soil samples were collected 
(�150 gm at 15 cm) and analysed in the laboratory of Edaphology in 
Facultad Ciencias Agrarias in Mendoza Argentina by Dr. Alejandro 
Mastrantonio using the Bouyoucos hydrometric method (Bouyoucos, 
1962). Soil compaction was measured using a pocket penetrometer in 
kg/cm2 at 20 points evenly spaced within the plot and the average used 
for the plot. The GPS location of the plot was also recorded. 

2.3. Functional traits 

Data on three functional traits, (1) plant height, (2) Specific Leaf 
Area (SLA) and (3) percentage of Leaf Dry Matter Content (LDMC) 
(Garnier et al., 2004; P�erez-Harguindeguy et al., 2013) were obtained 
from existing databases of functional traits for plants in the region 
collected as part of larger projects on functional traits in the dry Medi-
terranean Andes (Cavieres, 2017; Mazzolari et al., 2018) using the 
protocols from Cornelissen et al. (2003). Trait data from these projects 
were collected in the Park as well as in nearby locations in Chile and 
Argentina with similar climatic conditions, plant composition and 
disturbance regimes. 

The three functional traits selected reflect species competitive ability 
and resistance to human disturbance, and have been used in other 
studies assessing the impact of trampling associated with tourism on 
alpine vegetation (Bernhardt-R€omermann et al., 2011; Pickering and 
Barros, 2015a). Plant height provides information about the competitive 
ability of plants and reproductive size, with taller plants often more 
competitive than shorter plants, but also more susceptible to trampling 
damage. Specific Leaf Area reflects plant investment in growth, defence 
and longevity, with plants of greater SLA often having faster growth 
rates and slightly more resilient to trampling and grazing damage 
(Bernhardt-R€omermann et al., 2011). Leaf Dry Matter Content repre-
sents the mean density tissue of leaves, with species of high tissue 
densities more resistant to trampling damage, but also less resilient to 
disturbance due to less capacity to redevelop following disturbance 
(Bernhardt-R€omermann et al., 2011). 

Plant height was measured as the maximum foliage height or main 
stem if this was projected above the foliage. Fresh leaves for at least 10 
individuals per species were placed in sealed plastic bags together with 
moist paper tissue, transported to the laboratory in a cooling box and 
measured. Fresh leaves were weighted to obtain fresh weight and 
scanned to calculate leaf area using imageJ analyses software (Easlon 

and Bloom, 2014). Leaves were then oven dried (60 �C, 3 days) and 
weighed to calculate dry weight. Using this data, SLA (one sided area of 
each fresh leaf divided by its oven dry mass) and LDMC (oven dry mass 
of each leaf divided by its fresh mass) were calculated for each species. 
Traits data were obtained from the databases for all species whose cu-
mulative cover made up to at least 80% at each plot, giving a total of 17 
species with functional trait data. 

To calculate a measure of the functional response per plot, Com-
munity Trait Weighted Means (CTWMs) were calculated by converting 
the composition data for each species into relative cover values prior to 
calculating functional composition. The trait values for species were 
then combined with the relative cover values of the species to calculate 
the CTWM for each of the three functional traits measured per plot using 
the software from Lep�s and de Bello, 2008. 

2.4. Data analyses 

2.4.1. Regression models 
To assess the effects of disturbance and abiotic variables on vegeta-

tion we applied generalized linear effects models (GLMs) using the glm() 
function in R (R Core Team, 2018). 

Before applying the regression models, a correlation analysis was 
performed using function rcorr() from the Hmisc Package to avoid 
multicollinearity. Explanatory variables related to disturbance included 
level of disturbance in the plot, habitat fragmentation (perimeter/area 
ratio, perimeter and patch size), distance to road head, and closest dis-
tance to the trail. Abiotic variables were slope, soil compaction and soil 
texture (% clay, loam, sand). Once correlations were performed, GLMs 
were constructed with disturbance (level of disturbance per plot, dis-
tance to the trail, and perimeter/area ratio) and abiotic (soil clay con-
tent, compaction and slope) explanatory variables not correlated 
(Table S1, Supplementary Material). All continuous explanatory vari-
ables were standardized before running statistical models using the scale 
() function in R. 

Response variables in GLMs for native vegetation included: (1) spe-
cies richness, (2) the ratio of native cover: total plant cover, (3) shrubs, 
(4) grasses, (5) herbs, and (6) Adesmia aegiceras (the most common 
native shrub) to total vegetation cover. For non-native plants (7) non- 
native species richness and (8) Convolvulus arvensis: total plant cover 
(ratio of cover of the most common non-native herb). Convolvulus 
arvensis accounted for over 80% of the total non-native vegetation cover, 
therefore we only analysed this variable for non-native cover. For 
richness a Poisson distribution was assumed, and for vegetation cover a 
binomial distribution. These distributions are conventionally recom-
mended for analysis of count data and ratios respectively (Crawley, 
2015). For Community Trait Weighted Means (CTWM) (9) plant height, 
(10) SLA, and (11) LDMC per plot were assessed. The CTWM for LDMC 
was arcsine square root transformed prior to analysis, and CTWMs for 
plant height and SLA were log transformed to improve normality. 

Full models including all the explanatory variables were simplified 
into minimal adequate models by removing non-significant main effects 
or interactions. The final model for each response variable was selected 
based on the minimum Akaike information criterion (AIC) value, or the 
one that did not differ in AIC more than 4 units with the model of 
minimum AIC (Burnham et al., 2011). The function rsq() and partial.rsq 
() was used to calculate the generalized and partial R2 (Zhang, 2017) for 
all adequate final models. 

2.4.2. Ordinations 
To determine if there were significant differences in plant composi-

tion among the four levels of disturbance among plots, ordinations were 
performed on the cover of all native and non-native species using the 
multivariate statistical package Primer (version 6.1). First, dissimilarity 
matrices were calculated using the Bray-Curtis dissimilarity measures 
(n-MDS) on untransformed data to graphically describe the maximum 
variation among plots in two dimensions (n-MDS Axes 1 and 2), with the 
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closeness of the fit of the n-MDS axes to the dissimilarity matrix 
expressed in terms of stress. To determine if there were significant dif-
ferences based on disturbance, Analyses of Similarities (ANOSIM) were 
conducted. The ANOSIM is a non-parametric permutation procedure 
applied to the rank dissimilarity matrix that is analogous to Analysis of 
Variance, except that it is distribution free (Clarke, 1993, 2006). 

3. Results 

3.1. Undisturbed vegetation 

A total of 28 species were recorded across the 91 plots in the Hor-
cones Valley, of which 24 were native to the region (Table 1). From the 
plots surveyed, 20% showed no obvious signs of disturbance from 
trampling and grazing, soil movement or pack animal dung. In these 
undisturbed plots, there was 52% of vegetation cover which mainly 
consists of shrubs (23%), including the endemic shrub Adesmia aegiceras 
(21 � 3%). There was around 13% cover of native grasses including the 
endemic species Stipa cryshophylla (6 �%) and Poa holciformis (4 � 2%) 
(Table 1). Most of the shrubs had low SLA but relatively high plant 
height and LDMC in undisturbed plots. Native herbs were also present 
but had very lower cover (3%), and were more diverse, with 10 species 
recorded (Table 1). Native herbs were mainly characterized by low plant 
height, high SLA and moderate LDMC (Supplementary Material, 
Table S2). Only one non-native species was recorded in undisturbed 
plots, the invasive herb Convolvulus arvensis, with 7 � 3% cover 
(Table 1). This herb had more acquisitive traits, including low plant 
height and very high SLA (Supplementary Material, Table S2). Func-
tional traits of this non-native species was very different to the most 
dominant native shrub in the undisturbed plots, A. aegiceras. This 
included lower plant height (4 cm vs. 18 cm), higher SLA (274 cm2/g vs 
56 cm2/g) and relatively lower LDMC (22% vs 34%) (Supplementary 

Material, Table S2). 
There was an average of five native species per plot, but variation in 

native diversity was not associated with level of disturbance (Table 2). 

3.2. Effects of disturbance on vegetation 

Of the 91 plots, 27% had low levels of disturbance, 32% had medium 
disturbance and 20% were highly disturbed and the level of disturbance 
affected vegetation cover and composition. For example, cover of na-
tives declined with disturbance from 44% in undisturbed plots to 22% in 
highly disturbed plots (Fig. 2a, Table 2). This was mainly due to a dra-
matic decrease in the cover of the most common native shrub, 
A. aegiceras with 21% cover in undisturbed plots but less than 6% in high 
disturbed plots (Tables 1 and 2, Supplementary Material Table S3). 
Overall native shrubs were sensitive to disturbance, with less than half 
the coverage in high disturbed plots compared to undisturbed plots 
(Fig. 2b, Table 2). In contrast to shrubs, native herbs actually benefited 
from disturbance with slightly greater cover in medium and high 
disturbed plots compared to undisturbed plots (Fig. 2c, Table 2). 

Non-native plants also benefited from disturbance with more species 
and higher cover for Convolvulus arvensis (Tables 1 and 2, Supplementary 
Material Table S3). The cover of C. arvensis accounted for 7% in undis-
turbed plots but 13% in moderately disturbed plots (Tables 1 and 2, 
Supplementary Material Tables S1 and S3). In medium and highly 
disturbed plots other non-native species were recorded, including the 
herbs Taraxacum officinale, Salsola kali and Plantago lanceolata (Tables 1 
and 2, Fig. 2e). 

As a result of these changes in individual species there were differ-
ences in composition between undisturbed and low disturbed plots and 
moderately to highly disturbed plots (One Way ANOSIM, Global R ¼
0.054, P ¼ 0.016). In undisturbed plots the most important species were 
the native shrubs A. aegiceras, Berberis empetrifolia and the grass Poa 

Table 1 
Average cover (�SE) and frequency (% plots) for species based on disturbance categories across the 91 plots in steppe vegetation in the intensively Horcones Valley, 
Aconcagua Provincial Park. GF ¼ growth form. S ¼ shrubs. G ¼ grasses. H ¼ herbs. * ¼ non-native. Freq. ¼ frequency.   

Species 
Family GF Level of disturbance 

Undisturbed (n ¼
19) 

Low (n ¼ 25) Medium (n ¼ 29) High (n ¼ 18) 

Cover Freq. Cover Freq. Cover Freq. Cover Freq. 

Adesmia aegiceras Fabaceae S 21.2 � 3.1 100 11.5 � 1.9 84 8.9 � 1.2 90 5.4 � 1.4 61 
Adesmia echinus Fabaceae S   0.65 � 0.65 4 0.42 � 0.42 3   
Berberis empetrifolia Lam. Berberidaceae S 3.4 � 2.7 16 0.6 � 0.6 4 1.1 � 0.8 3 1.4 � 0.8 22 
Hordeum comosum Poaceae G     0.8 � 0.4 21 0.3 � 0.3 17 
Poa holciformis Poaceae G 3.8 � 1.5 42 3.8 � 1.6 40 1.0 � 0.4 28 1.6 � 0.6 56 
Stipa sp. Poaceae G 6.7 � 2.1 63 8.0 � 1.9 68 6.1 � 1.4 69 2.8 � 0.9 56 
Bromus setifolius Poaceae G 3.3 � 1.1 68 2.3 � 08 52 2.3 � 1.3 41 2.5 � 1.2 44 
Bromus catharticus Vahl Poaceae G   0.1 � 0.1 4     
Acaena magellanica Rosaceae H 1.6 � 0.9 16 1.0 � 0.6 16 1.4 � 0.9 10 1.0 � 0.8 17 
Acaena pinnatifida Rosaceae H 3.6 � 1.3 42 4.4 � 1.9 56 4.7 � 1.7 69 2.8 � 1.2 61 
Arjona sp. Santalaceae H 0.4 � 0.2 47 0.6 � 0.3 40 0.5 � 0.3 24 0.2 � 0.1 33 
Jaborosa caulescens Gillies & Hook. Solanaceae H     0.02 � 0.02 3   
Montiopsis gilliesii Montiaceae H   0.1 � 0.1 8 0.07 � 0.04 14 0.04 � 0.03 11 
Tropaeolum polyphyllum Tropaeolaceae H 0.5 � 0.3 21 0.7 � 0.3 36 1.5 � 0.9 48 0.1 � 0.1 11 
Astragalus chuckansii Fabaceae H 0.1 � 0.1 5 0.2 � 0.1 12 0.5 � 0.2 21 0.2 � 0.1 22 
Astragalus arnottianus (Gillies ex Hook. & Arn.) Reiche Fabaceae H       0.01 � 0.01 6 
Doniophyton anomalum (D. Don) Kurtz Asteraceae H 0.02 � 0.02 5     0.01 � 0.01 6 
Perezia carthamoides (D. Don) Hook. & Arn. Asteraceae H 1.1 � 1.1 5 0.6 � 0.4 16 0.6 � 0.2 35 1.3 � 0.9 17 
Nasthantus aglomeratus Miers Calyceraceae H     0.04 � 0.03 7 0.01 � 0.01 6 
Trechonaetes laciniate Solanaceae H 0.2 � 0.2 5   0.01 � 0.01 3   
Erigeron sp. Asteraceae H     0.01 � 0.01 3   
Phacelia secunda Hydrophyllaceae H 0.3 � 0.2 16 0.3 � 0.2 24 0.03 � 0.03 3 0.8 � 0.5 28 
Plantago barbata G. Forst. Plantaginaceae H     0.12 � 0.08 7 0.4 � 0.4 6 
Senecio sp. Astaraceae H     0.01 � 0.01 3 0.05 � 0.05 6 
Convolvulus arvensis* Convolvulaceae H 7.3 � 3.1 42 12.6 � 3.5 56 13.2 � 2.0 76 10.1 � 2.4 67 
Taraxacum officinale* Astaraceae H     0.63 � 0.59 7 0.33 � 0.26 11 
Salsola kali* Amaranthaceae H     0.18 � 0.16 7 0.53 � 0.35 22 
Plantago lanceolata* Plantaginaceae H     0.11 � 0.11 3   
# of native species per plot   4.5 � 0.3  4.7 � 0.3  5.1 � 0.3  4.8 � 0.5  
# of non-native species per plot   0.4 � 0.1  0.6 � 0.1  0.9 � 0.1  1.0 � 0.2   
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holciformis and Stipa chrysophylla, while in more disturbed plots vege-
tation mainly consisted of the native herbs Tropaeolum polyphyllum and 
Acaena pinnatifida and the non-native C. arvensis (Fig. 3). 

Native cover, shrubs, including A. aegiceras, were affected by the 
distance to the trail, with plant cover decreasing the closer the plot was 
to a trail (Table 2, Fig. 4a). In contrast, the cover of C. arvensis was 
greater in plots closer to a trail (Table 2, Fig. 4c). Habitat fragmentation 
(perimeter/area ratio) did not affect vegetation (P > 0.05). 

The changes in species due to human disturbance was reflected in 
changes in functional traits among plots (Table 2, Supplementary Ma-
terial Table S3). This included differences in the community trait 
weighted means for plant height and SLA based on disturbance and the 
distance to a trail (Table 2, Supplementary Material Table S3, Fig. 2f and 
g). Shorter plants with higher SLA dominated more disturbed plots and 
plots closer to trails (Table 2, Supplementary Material Table S3). The 
CTWMs for LDMC tended to be higher in undisturbed plots, but this was 
not statistically significant (Table 1, Fig. 2h). 

3.3. Other factors that accounted for variation in vegetation off trail 

Abiotic factors also affected vegetation in addition to disturbance. 
The cover of native shrubs, A. aegiceras and grasses increased with slope 
while for native herbs and the non-native C. arvensis decreased (Table 2, 
Fig. 4b and d). Native cover was greater in soils with higher clay content 
while for C. arvensis the cover was lower (Table 1, Supplementary Ma-
terial Table S3). The cover of native shrubs and herbs tended to decrease 
with greater soil compaction, but this was not statistically significant 
(Table 2). 

3.4. Relative contribution of the predictor variables 

Generalized R2 values of the models ranged from 0.21 to 0.30 for 
most of the response variables, with level of disturbance and slope the 
most important contributing factors (Supplementary material, 
Table S4). Level of disturbance was the most important factor (>60%) 
explaining variance for non-native richness, shrubs, and A. aegiceras, 
while for C. arvensis slope (77%) was the most important (Supplemen-
tary material, Table S4). For the CTWM of SLA, LDMC and Height, slope 
contributed the most to the variance, followed by distance to the trail 
(Supplementary material, Table S4). Generalized R2 values for native 
grasses and herbs were low (<0.10). 

4. Discussion 

This study highlights the extent to which disturbance off trails 
damages alpine vegetation, reducing the cover of native shrubs, 
favouring non-native species and hence changing community structure 

and functional composition. These changes are consistent with results 
from other alpine areas experiencing anthropogenic disturbance where 
species with more acquisitive traits adapted to trampling and grazing 
were favoured over stress tolerant species with more conservative traits 
(Barros et al., 2013; Chardon et al., 2018; Cingolani et al., 2005b; 
J€agerbrand and Alatalo, 2015; Lembrechts et al., 2014; McDougall et al., 
2018). 

In Aconcagua, native shrubs such as the endemic Adesmia aegiceras, 
showed the lowest tolerance to off trail disturbance, with more than 
50% reduction compared to less disturbed plots. Shrubs are often the 
very sensitive to trampling compared to forbs with grasses often the 
most resistant (Liddle, 1997; Hill and Pickering, 2009; Pickering and 
Growcock, 2009; Pickering et al., 2011). The low tolerance to distur-
bance of many shrubs is likely to be in part due to ridged stems that are 
easily broken by trampling with many shrubs then slow to recover once 
trampled (Liddle, 1997; Yorks et al., 1997). In contrast to some alpine 
regions where herbs were vulnerable to disturbance (Tolvanen et al., 
2001; Whinam and Chilcott, 2003), in Aconcagua, herbs seem to 
benefited from disturbance. This could be due to the higher specific leaf 
area and rosette and prostrate habit of most of the common native herbs 
in the Park (i.e. Acaena magellanica and Tropaeolum polyphyllum), which 
could allow them to better withstand trampling (Bernhardt-R€omermann 
et al., 2011; Díaz et al., 2016; Navarro et al., 2006). 

Off trail disturbances in Aconcagua favoured non-natives resulting in 
higher cover and diversity in disturbed plots. This is consistent with 
previous studies that found disturbance from trampling and grazing 
favouring plant invasions in mountain regions (Bella, 2011; Lembrechts 
et al., 2017; Potito and Beatty, 2005). The increase in the cover and 
diversity of non-native plants with disturbance, could be due to the 
combined effects of reduced competition from native plants, soil 
movement, and nutrient enrichment from dung (Barros et al., 2014; 
Pauchard et al., 2009). It could also be due to humans facilitating seed 
dispersal, as the four non-natives in Aconcagua that benefited from 
disturbance have seeds that can be dispersed via clothes, vehicles and 
the dung of pack animals (Ansong and Pickering 2013, 2014; Barros and 
Pickering, 2014b). 

The cover of the non-native herb Convolvulus arvensis, was also 
greater the closer the plot to a trail. This supports previous research that 
found that trails are important conduits for non-native plant invasions in 
alpine areas, often favouring species with high dispersal capacities 
(McDougall et al., 2018; Zeng et al., 2011). This species is known to 
produce large number of seeds and has an extensive root system with 
numerous buds capable of developing into new shoots (Degennaro and 
Weller, 1984; Gonz�alez and Gianoli, 2004). It also has a competitive 
advantage over many native species, with a faster uptake of limited 
resources and an ability to maintain dense monocultures (Gonz�alez and 
Gianoli, 2004). 

Table 2 
Results of the best models assessing recreation disturbance and abiotic factors on vegetation attributes using GLMs. The best models were selected by the lower AIC 
value, using stepAIC() function in MASS package. Only estimate coefficients and the significant values (*p < 0.05,. 0.1) are shown. Full statistical analyses are 
presented in Supplementary Material. P/A ¼ perimeter/area ratio, dist. ¼ distance, þ ¼ native species, blank spaces are predictor variables not included in the model.   

Recreation disturbance Abiotic factors 

Level of disturbance  Slope Compaction Clay content 

Low Medium High Trail dist. 

Native richness    � 0.07521    
Non-native richness 0.1667 0.7361 0.8481* � 0.1128 � 0.2355   
Native cover � 0.11598. � 0.27077* � 0.30248* 0.06751* 0.17580*  0.06884* 
Shrubsþ � 0.47012* � 0.70417* � 0.84795* 0.18976* 0.19242* � 0.0597.  
Grassesþ 0.22083* � 0.10361 � 0.16069  0.18298*   
Herbsþ � 0.06857 0.38370* 0.70498*  � 0.17660* � 0.17660.  
A. aegiceras � 0.42466* � 0.70248* � 0.88216* 0.12486* 0.14324   
C. arvensis 0.39845* 0.71000* 0.60946* � 0.13009* � 0.81231*  � 0.22879* 
SLA 0.14729 0.32870* 0.31372* � 0.13659* � 0.19032*   
LDMC (%)    0.0017855* 0.0027120*   
Height � 0.14490 � 0.24591* � 0.34966* 0.129999* 0.16232*    
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Fig. 2. Mean and standard errors for the ratio of native vegetation (a), native shrubs (b), native herbs (c); native grasses (d) to total vegetation cover; non-native 
richness (e) and the CTWMs for plant height (f), SLA (g) and LDMC (h) based on the level of disturbance of the plots in the intensively used area of Horcones Valley. 0 
¼ no disturbance, 1 ¼ low disturbance, 2 ¼ medium disturbance, 3 ¼ high disturbance. Significant differences between undisturbed (reference category) and all 
disturbed plots are indicated (0.0.1, *< 0.05). 
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Shifts in species dominance, including fewer shrubs and more herbs 
and non-native plants with increased disturbance in Aconcagua, re-
flected changes in functional composition, as has been found in other 
studies (Barros and Pickering, 2014a; Diaz and Cabido, 2001; Venn et al. 
2011, 2014). In Aconcagua species with acquisitive traits, including 
lower plant height and higher SLA dominating highly disturbed plots. 

This is similar to the pattern found in experimental trampling trails in 
Europe (Bernhardt-R€omermann et al., 2011) which found that plant 
resilience largely depended on the potential growth rates of species, 
with those with low LDMC, but high SLA recovering rapidly post 
trampling by hikers. Changes in SLA have also been reported in several 
studies looking at the effects of different types of disturbance including 

Fig. 3. Two dimensional n-MDS Bray Curtis dissimilarity of species composition in plots with different levels of disturbance in the intensively used area of Horcones 
Valley. Clear circles ¼ no disturbance, clear triangles ¼ low disturbance, grey inverted triangles ¼ medium disturbance, black square ¼ high disturbance. * Un-
disturbed plots are highlighted. Stress: 0.2. 

Fig. 4. Partial effect of the scaled fixed predictor variables, distance to trail and slope, for Adesmia aegiceras (a,b) and Convolvulus arvensis (c,d). The models with the 
best AIC are shown. Points represent the plots surveyed, shaded areas around the regression lines represent the 95% confidence intervals. Position of points in the y- 
axis correspond to the partial fit (position on the regression line) plus the corresponding residual. Plots were drawn with the effects library in R (Fox and Weis-
berg, 2018). 
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grazing, with most finding a positive correlation between SLA and 
disturbance intensity and frequency (Cingolani et al., 2005a; Garnier 
et al., 2004; Prado Júnior et al., 2015). 

Functional composition was also affected by the distance to the trail 
in Aconcagua, with species with lower plant height, lower LDMC and 
higher SLA more common closer to trails. This largely reflect the 
dominance of the non-native C. arvensis in disturbed plots and those 
closer to trails. 

As would be expected, some abiotic factors, particularly slope, were 
important factors explaining vegetation structure. Steep plots also had 
higher cover of native shrubs and grasses compared to flat plots where 
native and non-native herbs, including C. arvensis, were more common 
in Aconcagua. Reflecting this pattern, plants with higher plant height 
and LDMC and lower SLA, which characterized most native shrubs and 
grasses in Aconcagua, were more common on slopes. Soil texture also 
influenced vegetation, with soils of higher clay content having greater 
cover of native plants and lower cover of C. arvensis. This could be due to 
a greater capacity of shrubs and tussock grasses to accumulate fine soil 
particles (a characteristic of clay soils), under their canopy compared to 
the non-native herbs (Yoshihara et al., 2010). 

Differences in vegetation structure with topography have been 
observed in other studies in the Andes with abundance of shrubs and 
grasses on slopes compared to flat areas where herbs dominant (Mendez 
et al., 2006). This could be due to differences in soil moisture content, 
with steeper slopes often drier than flat areas due to lower infiltration 
rates and higher surface runoff, which in turn, may favour stress tolerant 
species such as the native shrubs and grasses (Cant�on et al., 2004; 
Jobb�agy et al., 1996). In addition, the greater cover of non-natives 
downslopes in Aconcagua could be the result of greater propagule 
pressure due to gravity as found in other studies (Johnston and John-
ston, 2004; Kuhman et al., 2011). It could also be due to more distur-
bance in flatter areas, however, we did not find an association between 
disturbance and slope in Aconcagua. 

Other disturbance related factors, such as habitat fragmentation, did 
not account for differences in vegetation in Aconcagua. Habitat frag-
mentation did result in the loss of habitat due to trail creation (Barros 
and Pickering, 2017), but the decreases in the size of habitat patches (as 
measured by the perimeter/area ratio) did not affect vegetation at this 
spatial scale. The small scale fragmentation (with patches ranging from 
0.02 to 3 ha) due to trails may not have constrained dispersal and 
recruitment of species in Aconcagua, in contrast to large scales distur-
bances such as urbanization or roads where reductions in species di-
versity and changes in composition have often been found (Fahrig, 
2003; Haddad et al., 2015). For example, previous research comparing 
the magnitude of impacts between roads and trails, have found greater 
disturbance on roadsides due to changes in microclimatic conditions 
(Lembrechts et al., 2014; Wolf and Croft, 2014), which can increase 
isolation between patches and affect species movements (Kimberley 
et al., 2019). Probably, increased fragmentation from the continuous 
creation of informal trails, may affect some species in the future 
particularly for those with short distance dispersal mechanisms. 

5. Conclusions 

In Aconcagua off trail use affected native biodiversity by reducing 
the cover of the dominant endemic species and favouring non-native 
plants. These shifts in species composition generated changes in func-
tional composition, with species characterized by a high capacity for 
resource acquisition, such as the invasive herb C. arvensis, benefiting 
from off trail disturbance. These results highlight how impacts from 
dispersed visitor use are not negligible and hence highlight the impor-
tance of limiting disturbance off trails to avoid broad scale impacts in 
areas of high conservation value. 

The study also advances the field of recreation ecology by demon-
strating how plant functional traits and functional diversity provides 
insights into why changes in composition occur with these types of 

human disturbance. It also allows us to predict how this and other plant 
communities may respond to human disturbance based on plant traits, 
with communities dominated by plants with low Specific Leaf Area and 
taller more sensitive to off trail disturbance in these mountain 
ecosystems. 
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