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Abstract

:

Alpine environments and their temporal changes are rarely studied at high latitudes in the southern hemisphere. We analyzed alpine plants, soil temperatures, and growing-season length in mountains of two landscapes of South Patagonia (46° to 56° SL): three summits (814–1085 m a.s.l) surrounded by foothill grasslands in Santa Cruz province (SC), and four summits (634–864 m a.s.l.) in sub-Antarctic forests of Tierra del Fuego province (TF). Sampling followed the protocolized methodology of the Global Observational Research Initiative in Alpine Environments (GLORIA). Factors were topography (elevation and cardinal aspect) and time (baseline vs. re-sampling for plants, five annual periods for temperatures), assessed by univariate and multivariate tests. Plant composition reflected the lowland surrounding landscapes, with only 9 mountain species on 52 totals in SC and 3 on 30 in TF. Richness was higher in re-sampling than baseline, being assemblages more influenced by aspect than elevation. Mean annual soil temperature and growing-season length, which varied with topography, were related to the Multivariate El Niño Southern Oscillation Index (MEI) but did not show clear warming trends over time. We highlight the importance of long-term studies in mountainous regions of extreme southern latitudes, where factors other than warming (e.g., extreme climate events) explain variations.
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1. Introduction


Climate change in relation to temperature and precipitation, as well as variation in snow cover, atmospheric nitrogen deposition, and dispersal, are the main recognized factors that affect plant species distribution in alpine environments [1]. Globally, alpine regions are expected to experience more warming than other regions, while at the same time, experiencing increased human pressure from tourism and land-use changes. These cumulative impacts threaten alpine species, mainly plants, and habitats [2]. The Global Observational Research Initiative in Alpine Environments (GLORIA, University of Natural Resources and Life Sciences, Austria) is an international science program with collaborators in over 130 locations worldwide, to monitor the effects of climate change on vegetation, temperature, and other variables over time (e.g., [3]). Soil temperature is considered more critical than atmospheric conditions for alpine plants due to the close relationship between soil and underground roots and meristems [4]. Soil temperature and moisture are affected by topography, which alters snow distribution, incident radiation, wind exposure, and soil properties, which determine the zonation of some plant communities (e.g., [5,6,7]).



Most studies developed within the GLORIA framework focus on Europe and the northern hemisphere (e.g., [8,9,10,11]), where global warming has forced many alpine species to move upward mountains, modifying plant composition at specific locations. This phenomenon has been corroborated in temperate, boreal, subtropical, and tropical ecosystems (e.g., [9,12,13,14]). Recently, the GLORIA-Andes group, working with data from seven South American countries, reported interesting results from the southern hemisphere but under continental conditions (e.g., [15,16,17]) that also demonstrated the thermophilization of plant species composition [18]. These results, however, did not include information about South American sites at high latitudes (greater than 45° SL), such as South Patagonia. Studies on the effect of climate change on alpine biodiversity at high latitudes are still scarce in the southern hemisphere, under oceanic conditions [19], as well as in different landscapes, since typical vegetation surrounding mountains are usually forests but rarely grasslands. Furthermore, the regional climate in the southern hemisphere is strongly influenced by other natural climatic events or phenomena, including the El Niño Southern Oscillation (ENSO) [20] and the Antarctic Circumpolar Current (ACC) [21]. These events strongly influence past and present climate at high latitudes (e.g., [22]), but their influence on high elevation temperatures has been rarely explored [17].



South Patagonia is an Argentinean region that extends from 46° to 56° SL and from 63° to 73° WL, which includes two provinces: Santa Cruz (SC), at the southern extreme of the South American continent, and Tierra del Fuego (TF), an archipelago separated from the continent by the Magellan Strait. The landscape of this region is home to several semi-natural habitats, including arid grasslands dominated by Festuca and Stipa species, and deciduous and evergreen forests, dominated by Nothofagus species, but also peatlands and scrublands [23]. Patagonian grasslands have been grazed by domestic livestock (mainly sheep) for over 100 years [24], mainly under continuous grazing in large and heterogeneous paddocks [25]. Nothofagus forests have been used since colonization for timber production, and they currently sustain recreational/touristic activities [26]. Alpine environments have not been intensively and productively used in South Patagonia, but livestock breeding in SC and tourist activity in TF have increased in recent times in the mountain areas. Previous studies of southern Patagonian alpine environments have been mostly related to taxonomy (e.g., [27,28,29,30,31]) and plant distribution according to topographic or geomorphological factors [32,33]. However, there is a lack of information about temporal changes in alpine plants and temperatures at high southern latitudes. Therefore, the objectives of this work were: (1) to evaluate variations in alpine vascular plant diversity between the baseline and first re-sampling after a five-year period, at different topographic (elevations and cardinal aspects) conditions, in mountains located in two contrasting landscapes (foothill grasslands and sub-Antarctic forests) of South Patagonia; (ii) to analyze main variations in soil temperatures and growing-season length over five annual periods following the baseline sampling, relating them to ENSO climatic variations. We hypothesized that (i) alpine plant composition varies with dominant vegetation type of the surrounding landscape (forest or grassland), and richness, cover and diversity indices diminish with elevation gain, expecting even lower values in more exposed cardinal aspects, while changes in time mirror general trends caused by global warming (movement upward of thermophilic plant species, and loss of cryophilic species); (ii) soil temperatures (mean, minimum and maximum) and growing-season length diminish with elevation gain, expecting even lower values in more exposed cardinal aspects, and increase over time because of global warming, although ENSO climatic variations also impact on these variables. At these southern latitudes, the large deficiency of floristic alpine vegetation studies and the lack of evidence about topographical and temporal changes in alpine vegetation and soil temperature dynamics from long-term studies, reinforce the importance of this study.




2. Materials and Methods


2.1. Sampling Sites


The study was developed at two mountainous sites of South Patagonia (Argentina), located in SC (49.767302° SL, 72.521677° WL) and TF (54.660648° SL, 67.760100° WL), as part of the international GLORIA Multi-Summit Approach (www.gloria.ac.at, accessed 30 May 2021), and PEBANPA network (Biodiversity and Ecological long-term plots in southern Patagonia [34]).



In SC, the GLORIA Approach includes three different summits in the foothill of the Andes mountains, belonging to a sub-alpine grassland ecological area [35]. The three summits share a similar general climate and reach the following maximum elevations: 814 m a.s.l. or low (L); 887 m a.s.l. or medium (M); and 1085 m a.s.l. or high (H). These correspond approximately from sub-alpine to sub-nival habitats. According to the classification of Köppen-Geiger [36], the climate type in this area is BWk (cold arid desert), with a mean annual temperature of 6 °C, a mean temperature in the warmest month (January) of 10 °C, and a mean temperature in the coldest month (June) of 3 °C. The prevailing winds blow westerly, and rainfall reaches 1750 mm per year [37]. The sub-alpine grassland is mainly dominated by grasses, e.g., Festuca pallescens, F. argentina, and Pappostipa chrysophylla var. chrysophylla, and shrubs, e.g., Azorella prolifera, Berberis microphylla, and Mulguraea tridens [35]. Extensive livestock breeding (sheep) occurs at this site, with variable stocking rates ranging from 0.13 to 0.75 head ha−1.year−1 [24].



In TF, the mountain pilot site includes four summits in a single mountain chain of the Fuegian Andes, belonging to the sub-Antarctic forest ecological area [29]. The four summits share a similar general climate and reach the following maximum elevations: 634 m a.s.l. or low (L); 673 m a.s.l. or medium-low (ML); 782 m a.s.l. or medium-high (MH); and 864 m a.s.l. or high (H). These correspond approximately from sub-alpine to nival habitats. According to the classification of Köppen-Geiger [36], the climate type in this area is ET (tundra), with a mean annual temperature of 2 °C, a mean temperature in the warmest month (January) of 3 °C, and no months with mean temperatures below freezing (1 °C in June, the coldest month). Summers are short and cold, and winters are long, snowy, and with long freezing spells. The prevailing winds blow south-westerly, and rainfall reaches 545 mm per year [37]. The forest is dominated by the deciduous Nothofagus pumilio tree, mixed in some patches at mid-slope with the perennial N. betuloides. Treeline is the same for both species (approximately 600 m a.s.l.), growing with a scrubby habitat. The understory is scarce, with few forbs (e.g., Osmorhiza depauperata, Senecio acanthifolius), ferns (e.g., Blechnum penna-marina, Cystopteris fragilis), and grasses (e.g., Phleum alpinum, Trisetum cernuum) [29]. No timber is currently extracted from the area, although harvesting was applied between 1950 and 1970 in the low-medium slopes of this mountain chain [38].



The alpine vegetation in the sub-alpine, sub-nival, and nival habitats, both in SC and TF, is mainly dominated by dwarf shrubs (e.g., Nassauvia spp., Senecio spp.) and cushion plants (e.g., Azorella spp.) that decrease in abundance with elevation. In addition, there are some forbs (e.g., Perezia spp.) and grasses (e.g., Festuca spp., Poa spp.), but in the highest grasslands, the abundance of vegetation decreases sharply and is replaced by lichens [27,29]. The native fauna consists of birds, rodents, insects, and the large herbivorous mammal Lama guanicoe, that browses freely across the study areas.




2.2. Sampling Methodology


We sampled alpine vascular plants at the species level, following the protocol defined by GLORIA [3]. In the present study, we analyzed from the four 1 × 1 m quadrats located in the 3 × 3 m grid, placed at the four cardinal aspects (north, east, south, and west) of each summit, with the lower boundary of each quadrat cluster lying at the 5 m contour line below the summit. We chose quadrat data due to stronger comparisons in time and with soil temperatures. We sampled across N = 7 × 4 × 4 = 112 quadrats. We performed baseline sampling (BL) in 2013 in TF, and in 2014 in SC. According to the protocol, we re-sampled (RS) each quadrant at each cardinal aspect of each summit, five years later (2018 in TF and 2019 in SC). We registered all plant species, and visually estimated species cover (%) in each quadrat. For species identification, we followed [27] for SC and [29] for TF, and for specific and subspecific epithet, elevation range (m a.s.l.), origin (native or exotic), and endemism identification we followed [39]. We considered endemic species as those only inhabiting South Patagonia provinces in Argentina (SC and/or TF) and/or the two southern regions of Chile (Aysén and/or Magallanes). We deposited voucher specimens of each plant species in the Herbarium of Tierra del Fuego at the Centro Austral de Investigaciones Científicas (CADIC CONICET) in Ushuaia, Argentina. The complete list of vascular plant species is shown in Appendix A.



In the center of the 3 × 3 m grid (n = 12 in SC and n = 16 in TF), we placed temperature loggers (Hobo Pendant, UA-001–64, ONSET, Bourne, MA, USA) to register hourly soil temperature (±0.1 °C) at 10 cm depth. Data were continuously registered from 2013 to 2019 and downloaded during February-March each year. There are some gaps in the dataset due to equipment failure. In event of failure, loggers were replaced, or removed and reinstalled 1–2 days later. Those gaps in data were completed with extrapolation and short modelings.



We also characterized climatic variations produced by ENSO events, through Multivariate ENSO Index version 2 (MEI). MEI was obtained for the studied period (2013–2014 to 2018–2019) from the NOAA Physical Science Laboratory (data available at http://www.esrl.noaa.gov/psd/enso/mei/, accessed 12 June 2021). It was calculated for 12 overlapping bi-monthly “seasons” (December–January, January–February, February–March, …, November–December) to consider ENSO’s seasonality, and to reduce the effects of intra-seasonal variability [40]. MEI indicates the occurrence of El Niño conditions when the index is positive (>0.5), La Niña conditions when it is negative (<−0.5), and normal conditions when it is in between [40].




2.3. Data and Statistical Analyses


We determined species richness (number of species), cover (%), and occurrence frequency (%) for the entire study, each summit, and each sampling date. We analyzed species composition particularities (including shared and exclusive species), elevation range, origin, and endemism, comparing SC and TF to analyze the influence of dominant vegetation in the surrounding landscape (grasslands and forests).



We then determined species richness, cover, Shannon–Wiener diversity (SW), and Pielou evenness (J) indices [41] for alpine vascular plant diversity in each quadrat. We analyzed differences in their average values by performing three-way ANOVAs, considering summit elevation (A), cardinal aspect (B), and sampling date (C) as the three main factors that contribute to the evaluation of the first hypotheses. We first verified normality and homoscedasticity assumptions for each variable and applied Tukey tests (p < 0.05) for mean comparisons. We also evaluated interaction terms among the three main analyzed factors (A × B, A × C, B × C, and A × B × C). We plotted significant interactions and analyzed them by one-way ANOVA, comparing means by the Tukey test (p < 0.05).



In addition, three multivariate statistical analyses were performed based on a matrix of species cover: (i) non-metrical multidimensional scaling (NMS), using Bray-Curtis distance and 500 iterations, to graphically represent similarities in the assemblage composition of plots according to elevation and aspect, and species association; (ii) multi-response permutation procedures (MRPP), also with Bray–Curtis distance, to test differences in composition among groups defined by the levels of the main factors (elevation, aspect, and sampling date); and (iii) indicator species analysis (IndVal) [42], to explore possible associations between vascular plants and summits, aspects or sampling dates. Both analyses were performed for SC and TF separately and complemented the ANOVAs to analyze the first proposed hypothesis.



In the NMS, three components were generated, for which significance was evaluated with a Monte Carlo permutation test (500 randomizations). Graph rotation was applied when needed for better representation. In the NMS for SC data, N and W plots of the highest summit were excluded from the analysis, because these had just two species that only occurred in these plots, generating an exaggerated influence on the ordering. In the MRPP, we evaluated the statistic (T), the associated probability (p), and the chance-corrected within-group agreement (A) [43]. Subsequent pairwise groupings were tested to determine the significance of the differences (p < 0.05) [44]. For IndVal, we considered indicator species as those with an indicator value > 0.40 and p < 0.05.



Soil temperature (°C) data were analyzed for the five annual periods between baseline and re-sampling: 2014–2015 to 2018–2019 in SC, and 2013–2014 to 2017–2018 in TF. As each new year starts in the middle of the growing season in the southern hemisphere, we considered each annual period from the beginning of the winter through the end of autumn (21 June to 20 June of the following year). For each elevation and aspect, we estimated the growing-season length considering: (i) the first and last incidence of mean temperatures above +2 °C [45]; and (ii) the continuous recording of these values for 7 or more days to account for the sporadic high climatic variability and extreme weather events in South Patagonia (e.g., short snowstorms in spring, eventual frosts in summer).



To evaluate the second hypothesis, we analyzed monthly mean, and absolute minimum and maximum soil temperatures by three-way ANOVAs, considering summit elevation (A), aspect (B), and annual period (C) as the three main factors. We first verified normality and homoscedasticity assumptions for each variable and applied the Tukey test (p < 0.05) for mean comparisons. We also evaluated interaction terms among the three main analyzed factors (A × B, A × C, B × C, and A × B × C). We plotted significant interactions and analyzed them by one-way ANOVA, comparing means by the Tukey test (p < 0.05). For the growing-season length, we compared homogeneity of values among elevations, aspects, annual periods, and their combination (e.g., elevation and aspect), employing the chi-square test (p < 0.05). Finally, we calculated annual mean, spring-summer, summer and winter MEI for the six studied annual periods and compared these values with soil annual mean temperatures and growing-season lengths at each summit. Statgraphics Centurion XVI was used for all the ANOVAs, chi-square, and related tests; PC-ORD [46] was used for NMS, MRPP, and indicator species analyses.





3. Results


3.1. Plant Variation


The total species richness was higher in SC, with 52 sp., than in TF, with 30 sp. (Appendix A). However, the mean vegetation cover was only half as high in SC (24%) as in TF (50%). We identified 27 plant families (Table 1): 20 in SC and 12 in TF. Among these, we found 15 exclusive families in SC (e.g., Amaryllidaceae, Calceolariaceae, Ephedraceae) and 7 in TF (e.g., Empetraceae, Ericaceae, Thymelaceae), with only 5 families in common. Asteraceae (22 sp.) and Poaceae (16 sp.) were the richest families across the two sites, with 14 sp. and 9 sp. in SC, and 8 sp. and 7 sp. in TF, respectively. No species occurred at both sites (Appendix A), and only two exotic grasses were detected: Dactylis glomerata in SC and Poa pratensis in TF. Endemism was also important at both sites, with 7 sp. in SC and 6 in TF. In relation to species distribution across elevations, 73% of the total richness in SC and 87% in TF were present in wide ranges of elevation (Appendix A), from the sea level (0 m a.s.l.) to medium elevations (1000–2000 m a.s.l.), or from the sea level to high elevations (3000–4300 m a.s.l.). Only 9 sp. in SC and 3 sp. in TF occurred at elevations higher than 500 m a.s.l.



Total richness and mean vegetation cover decreased with elevation gain in TF (from 21 to 6 sp.; and from 95% to 9% cover) (Table 1). This was not the case in SC (31 sp. in L, 26 in M, and 30 in H), where mean vegetation cover was similar at L and M (31–34%) and lower at H (6%). In addition, there were few shared species among all summits within each site (9 in SC and 4 in TF), contrasting with species exclusively found on each summit (Figure 1). Exclusive species varied from 18 sp. in H to 2 in M in SC, and from 6 sp. in L to 1 in ML and H in TF. Moreover, L and M in SC contained the highest amount of species shared between two summits (14 sp.).



With regards to temporal changes, 40 sp. in SC and 23 in TF were observed on both sampling dates. Four sp. in SC and 1 in TF were only found in the baseline, while 8 sp. in SC and 6 in TF were new in the re-sampling (Appendix A). In SC, species loss occurred at L (D. glomerata and Rytidosperma virescens) and H (Azorella sp. and an undetermined Asteraceae), while in TF, only 1 (P. alpinum) disappeared over time in L. In addition, in SC, we recorded 5 new sp. at H (Nassauvia sp., Perezia pilifera, Trisetum subsp. cumingii, Valeriana moyanoi, and V. sedifolia), 4 at L (Bromus catharticus, Calandrinia caespitosa, Hypochaeris incana, and T. subsp. cumingii) and 1 at M (V. moyanoi). While in TF, the highest appearance of new species in re-sampling occurred in MH (Deschampsia parvula, Gamochaeta spiciformis, Nassauvia pygmaea, P. pratensis, and an undetermined species), compared with only 1 new species at ML (D. parvula) and at L (Azorella ranunculus). The movement of plant species across summits was also recorded. In SC: Alstroemeria patagonica moved upward from L in the baseline to M in the re-sampling; Poa secunda occurred at L and M on both sampling dates, but also had moved upward (H) in the re-sampling; Olsynium biflorum and Vicia magellanica were recorded at L and M in the baseline, but only at M during the re-sampling. In TF: Senecio humifusus was observed at ML, MH, and H in the baseline, but it was missing at H in the re-sampling; Poa alopecurus ssp. fuegiana occurred at L, ML, and MH in the baseline, but only at higher elevations (ML and MH) when re-sampled (Appendix A).



Significant differences (F > 2.09; p < 0.04) were found for all variables (mean richness, vegetation cover and diversity indices) according to elevation, aspect and sampling date in SC and TF (Table 2). Interactions occurred between elevation and aspect, for all variables, on both sites (F > 3.26; p < 0.01), showing different responses at different summits depending on the aspects (Figure 2). In SC, significant interaction between elevation and sampling date occurred for evenness index (F = 3.82; p = 0.03), and a three-factorial interaction was detected for vegetation cover (F = 3.26; p = 0.01). Other interactions were not significant for all variables on both sites (F < 2.59; p > 0.06).



In SC, elevation × aspect interactions were mainly explained by very low values in N and W aspects (less than 1 sp. per m2, 0.1% cover, 0.17 SW, and 0.24 J) on the highest summit, when compared with E and S (more than 10 sp. per m2, 7.5% cover, 1.50 SW and 0.65 J). L showed the highest values in richness, diversity, and evenness indices on E (9.4 sp., 1.55 SW, and 0.69 J), and the lowest values on the N aspect (5.6 sp., 0.59 SW, and 0.34 J), while the cover was the greatest on W (46%) and the barest on S (18%). At M, the highest and lowest values occurred in different patterns for all variables, with the highest richness and diversity found on the W aspect (13.4 sp. and 1.50 SW), cover on E (58%), and evenness on S (0.62 J). Minimum values were recorded on N aspect for richness and cover (6.9 sp. and 14% cover), and E for diversity and evenness indices (0.45 SW and 0.23 J).



In SC, the interaction between the summit and sampling date for evenness index occurred because values decrease with elevation gain in the baseline (from 0.55 to 0.42 J), but similar values were observed for the three summits in re-sampling (0.57, 0.53, and 0.61 J for L, M, and H, respectively). However, significant differences were not detected among evenness values (F = 1.18; p = 0.33). Concerning the three-factorial interaction showed that while cover in baseline and re-sampling had similar values in differing aspects and summits (mainly in H), cover values varied greatly among aspects depending on the elevation. Thus, N, W, and S aspects at H exhibited the lowest cover values (less than 3% on average); E at H, as well as N at M, and S at L had medium-low cover values (16% on average); W and S at M and E and N at L showed medium-high cover values (31% on average), and Eat M and W at L exhibit the greatest cover values (from 45% to 68% on average). Complementary, significant differences were found between sampling dates for richness and diversity index in SC (F > 4.28; p < 0.04), with greater values in the re-sampling than in the baseline for both variables (Table 2).



In TF, elevation × aspect interactions in richness and cover were mainly explained by similarly low values across all aspects at H (1.2 sp. per m2 and 9% cover in average) compared with the other summits (6.6 sp. and 63% cover on average), while different trends among aspects were observed at the other three elevations (Figure 2). For example, while at L richness showed the highest values on W (12.9 sp.) and the lowest on N and E (6.2 sp. on average), the highest richness was observed at ML on N and S aspects (8.8 sp. on average) and the lowest at E (2.9 sp.). Concerning cover, L displayed similarly high values on all aspects (95% on average); while ML showed the greatest cover on S (88%). On the other hand, maximum and minimum SW and J occurred on different aspects at each summit, for which the highest values were detected on the W aspect for L and ML (1.1 SW and 0.5 J, on average for the two summits), on N aspect at MH (1.2 SW and 0.6 J), and on S at H (0.5 SW and 0.6 J); and the lowest on E aspect at L and ML (<0.1 SW and J, on average for the two summits), on S at MH (0.1 SW and <0.1 J), and on W and N at H (<0.1 SW and J). Besides this, re-sampling in TF exhibited the highest richness but the lowest evenness (F > 4.85; p < 0.01).



Analysis of plant species assemblage patterns by NMS (Figure 3) showed plots joined in three groups, at both sites. In SC, where a bi-dimensional solution was recommended (p < 0.01 for Axis 1 and p < 0.01 for Axis 2; 8.029 final stress; 0.034 final instability), one group was made up of H plots, associated with several exclusive species (e.g., Moschopis trilobata). Another group was made up of E-facing plots at L and M, associated with common grasses, forbs, and shrubs of the lowland sub-alpine grassland, including F. pallescens, V. magellanica, and A. prolifera, and the only one exotic grass in SC, D. glomerata. The third group occurred by similar composition among N, S, and W facing plots at L and M, related to some grasses (e.g., P. chrysophylla var. chrysophylla), woody dwarf shrubs (e.g., Ephedra chilensis), and cushion plants (e.g., Nassauvia glomerulosa). MRPP highlighted the assemblage differences among elevations and aspects in SC (Table 3), showing significant differences among H and the other elevations (p < 0.01), as well as among E and the other aspects (p < 0.01). Significant differences were not detected between L and M elevations (p = 0.07); N, S and W aspects (p > 0.12); nor sampling dates (p = 1.00).



Similarly, three plot groups were distinguished by NMS in TF, where a tri-dimensional solution was recommended (p < 0.01 for Axis 1 and p = 0.01 for Axis 2; 6.049 final stress; 0.061 final instability). S and W facing plots of H formed one group; in the second group, N and E at H, and N, S and W at MH were joined; and in the third group, plots of all aspects at L and ML, plus E plots at MH were closely ordered. The first group was strongly characterized by the presence of Senecio alloeophyllus var. alloeophyllus. The second group was correlated with some forbs (e.g., Acaena antarctica) and the exotic grass P. pratensis. The third group was related to species found across a wide range of elevations, mainly associated with poorly drained soils (e.g., Marsippospermum grandiflorum), and several types of grass (e.g., Festuca contracta), dwarf shrubs (e.g., Empetrum rubrum), and cushions (e.g., Bolax gummifera). MRPP also highlighted differences in assemblage composition in TF, showing significant differences between elevations (p < 0.03) except for L vs. ML (p = 0.18), but similar plant assemblages on all aspects (p > 0.08) and significant differences only for E vs. W (p < 0.01). As was the case in SC, differences in TF plant assemblages were not found between sampling dates (p > 0.99).



Finally, IndVal analyses (Table 4) found indicator species for all elevations, both in Santa Cruz (2 sp. in L, 4 sp. in M, and 7 sp. in H) and TF (4 in L, 2 in ML, 1 in MH and 1 in H). Indicator species were found on three of the four aspects in SC (6 sp. on E; 2 sp. on W and 2 sp. on S), but only on one aspect in TF (1 sp. on E). Similarly, there was 1 sp. defined as an indicator of re-sampling in TF.




3.2. Soil Temperature Variation


Over the five years of this study, average mean and maximum annual soil temperatures reached higher values in SC (5.8 °C and 15 °C in average, respectively) than in TF (2.1 °C and 6.7 °C, respectively). The minimum soil temperature was similar at both sites (−0.3 °C in SC and −0.4 °C in TF). The diel absolute maximum value in the entire study periods was 33.5 °C in SC and 30.6 °C in TF, while the minimum value was −9.5 °C in SC and −7.5 °C in TF (Appendix B).



In SC (Table 5), monthly mean and absolute minimum and maximum soil temperatures significantly decreased with elevation gain (F > 6.53; p < 0.01). The absolute maximum temperature significantly varied between years, showing higher values in 2016–2017 than at the first (2014–2015) and last (2018–2019) periods. Significant differences were not detected among aspects and annual periods in mean and absolute minimum temperatures (F < 2.35; p > 0.05). Interactions were not significant for all variables (F < 1.90; p > 0.08).



In TF (Table 5), monthly mean soil temperature also significantly decreased with elevation gain (F = 11.89; p < 0.01). The absolute minimum and maximum temperature exhibited significant interactions between elevation and aspect (F > 2.07; p < 0.03). In the minima, the interaction was explained by extreme values (the lowest and the highest) at each summit on different aspects: E, W, W, and N aspects showed the lowest values, and W, N, N, and E aspects displayed the highest values, at L, ML, MH and H summits, respectively (Figure 4). This resulted in minimum temperatures above 0 °C on the N aspects of all summits except for the highest one, which had the coldest value. In the maxima, the lowest values occurred on the S aspect in all elevations, but the highest values were observed on E, W, W, and N aspects at L, ML, MH, and H summits, respectively. Consequently, the maximum temperature increased with elevation gain on the N aspect, reaching the warmest value compared with all other aspects and elevations at the highest elevation summit. Temperature increase with elevation gain was not observed in the other aspects. There were no interactions for mean temperature in TF (F < 0.42; p > 0.91), and other interactions were not significant for minimum and maximum temperatures (F < 0.63; p > 0.81).



In relation to the growing season, the diel mean temperature in SC fluctuated between 10 and 20 °C across all elevations and aspects (Appendix B), while in TF, it ranged from 5 to 10 °C, with higher diel fluctuations on higher summits and sunnier aspects (e.g., N at H). On the other hand, the non-growing season was characterized by hardly any diel fluctuation in some years and aspects at both sites (e.g., winter 2015 on S and W at H in SC; all winters and aspects at L in TF). The growing-season length varied more in SC (192 to 323 days) than in TF (117 to 227 days), with more homogeneity among aspects on each summit for SC (p > 0.82) than for TF (p > 0.64). Likewise, the growing-season length on each aspect was more similar among summits in SC (p > 0.52) than in TF (p > 0.08), where W showed greater differences in growing-season length among summits. In addition, N exhibited long growing-season on the lowest summits at both sites, while short growing-season lengths were observed on S aspects of the highest summits at both sites. Finally, interannual variations influenced growing-season length both in SC and in TF (e.g., tending to lengthen the growing season during 2015–2016 in TF and 2016–2017 in SC, and to shrink it during 2014–2015 in TF and 2017–2018 in SC).



Concerning ENSO, a La Niña event (1.647 mean annual MEI) occurred in the 2015–2016 period, while 2017–2018 was El Niño (−0.769 mean annual MEI), with other periods showing near normal values (from −0.359 to 0.387 mean annual MEI). These trends were also maintained for mean spring-summer, summer, and winter MEI. Likewise, the La Niña period exhibited high mean annual soil temperatures across all summits in SC (7.0 °C in L to 5.3 °C in H), and at the low elevation in TF (2.6 °C in L to 1.0 °C in H), with reverse trends in El Niño period: low mean annual soil temperatures in SC (6.5 °C in L to 4.4 °C in H) and high mean annual soil temperatures in TF (3.1 °C in L to 1.4 °C in H). Medium mean annual temperature values were reached in normal periods at both sites. Concerning the average growing-season length, the annual period with La Niña event showed in TF the longest growing-season lengths across all summits (209 days at L to 189 days at H), the shortest growing-season lengths (172 days at L to 162 at H) in the annual period with El Niño event, and medium values in normal periods. However, in SC, the longest growing-season lengths occurred in normal years for all summits (270 days at L to 248 days at H), and the shortest growing-season lengths were during El Niño event (253 days at L to 228 days at H), with values between the two extremes during La Niña event.





4. Discussion


The analyzed plant species assemblages, both in SC and TF, were mostly composed of typical lowland species (more than 70% of the total richness in each site) that are naturally widely distributed across a wide range of elevations. For example, Azorella monantha, Chiliotrichum diffusum, and Nassauvia darwinii, occupy broad latitudinal (e.g., from 32° to 54° LS) and altitudinal gradients (e.g., from 0 to 3000 m a.s.l.) [39]. However, these species are smaller in alpine habitats compared with lowlands, as was observed in Chiliotrichum diffusum (>1 m average height in lowlands [29], but <20 cm average height in alpine habitats). On the other hand, only a small proportion (17% of total richness in SC and 10% in TF) were mountain species. The presence of lowland species at high elevations is common poleward, due to similarities between environmental conditions at high elevations and high latitudes, but this has been much more described for arctic regions [3]. On the other hand, several of the observed species (e.g., Adesmia aphanantha, Astragalus palenae, Tristagma nivale, and V. moyanoi) are naturally widely distributed across mountains of the entire Patagonia [39]. However, we only found them in one province (SC or TF); this is likely because plant communities in mountains are locally more heterogeneous and patchier than in lowlands, as these communities can only survive in restricted favorable microsites when the climate becomes less hospitable at higher elevations [47] or latitudes. In summary, assemblages were different between the mountain sites of SC and TF, without any species in common, reflecting differences in the surrounding vegetation and partially confirming our first hypothesis. Differences in species composition between the two sites were also highlighted by exclusive and endemic species, some of which were also identified as indicator species of the studied assemblages, mainly in Tierra del Fuego. The high representation of endemism among the indicator species has also been observed in mountains in other parts of the world (e.g., [10]). However, the lack of knowledge about the vascular alpine plant assemblage composition in other mountainous regions of SC and TF makes it difficult to extrapolate endemic species value as indicator species for the entire region, even at similar elevations and aspects. More studies are needed across mountains to improve knowledge about species specificity and fidelity to a given elevation and aspect in South Patagonia. For example, through this study, 5 species in SC (Acaena platyacantha, Benthamiella spegazziniana, Philippiella patagonica, V. moyanoi, and V. magellanica) and 3 in TF (A. antarctica, S. alloeophyllus var. alloeophyllus, and S. humifusus) were found outside of their expected elevation ranges, as was reported in other GLORIA works [17].



The presence of exotic species in alpine plant assemblages is usually uncommon [48,49], although P. pratensis was also observed in high mountain areas of México [50]. In our study, the presence of exotic species may be related to domestic (e.g., sheep, cows, and horses) and/or native (L. guanicoe) herbivorous mammals that graze freely in the study area, as is often observed in other alpine ecosystems (e.g., [51]). The spread of exotic plants could be facilitated by the increase in accessibility (e.g., [52]). However, the disappearance of D. glomerata in the re-sampling of SC denoted their low capability to survive in alpine conditions. Despite observed differences in the two studied sites, some taxonomic overlapping occurred between them when the species list of the entire summit area (up to 10 m down a level from the top) was compared. For example, Azorella lycopodioides, B. microphylla, and M. grandiflorum were common species in both provinces across the entire summit area (data non-shown), displaying the influence of the sampling method.



The increase in richness and diversity comparing re-sampling to baseline in 1 m2 quadrats, as well as the upward movement of species, both in SC and TF, is consistent with the short-term rise in species richness in other monitoring studies (e.g., [19,53,54,55]). This could be interpreted as an early indicator of climate change-driven warming, despite we did not detect soil warming over the studied five-year period. Also, downslope range shifts may constitute an indirect response to warming caused by changes in species interactions, as well as to habitat modification [56]. Instead of long temporal temperature data series in South Patagonia outside cities, climate change estimations following CSIRO model in B2 scenario predicted for 2080, +3 °C warming in the mean maximum temperature in SC and +2 °C in the north of TF [37]. Drivers of changes in richness and movement of species should be confirmed with more specific studies, such as those performed by [9,18,57], who reported upward mountain movements of more-thermophilic species and downslope shifts caused by warming [56].



Monthly mean and absolute maximum and minimum temperatures did not increase over time in our study, with the highest values in the middle annual periods (2015–2016 and 2016–2017 for SC, 2016–2017 for TF). In the period 2016–2017, SC showed the longest growing season. Ref. [19] also did not observe a gain in soil temperatures over a seven-year period at a GLORIA pilot site off the southern coast of Australia, but they did find an increase in species richness. These authors argue that the increase in species richness in those Australian alpine areas could be explained by the influence of other environmental factors (e.g., rainfall, microsite availability, species interactions, and dispersal/recruitment potential in the regional species pool) rather than climate warming. The influence of ENSO has already been demonstrated in South American alpine environments [17]. We found contrasting effects of ENSO in soil temperature and growing season in the two sites of the present study, that found inverse trends (e.g., higher soil temperatures in SC, but lower soil temperatures in TF during a La Niña event). How ENSO affects mountain climate in South Patagonia should be studied in greater depth. Additionally, the observed increase in alpine species richness could be a delayed expression of vegetation changes [58], which could start and be sustained by greater warming rates that occurred many years ago (e.g., during the 70s decade), as is commonly observed in lags in tree regeneration advances above established treelines [59]. In this sense, long-term studies in remote places like Patagonia are important to better understand the effect of climate change on plant richness and vegetation cover in alpine areas across the southern hemisphere.



Elevation had an important influence on vegetation and soil temperature in SC and TF, as it was expected based on other mountain studies (e.g., [8,10], richness, cover, and mean temperatures generally decrease with elevation). In contrast to TF, the highest summit of SC contained the highest amount of exclusive species (Figure 1). Species whose distribution was restricted to the highest summit have a particularly strong tolerance for high mountain extreme climatic conditions (e.g., [60,61]), more adaptations to the cold [62], and low competition abilities [63]. It is likely that the continuity of high Andean mountain peaks (>1000 m a.s.l.) favors the colonization of mountain areas in SC, from northern to southern latitudes, by species with particular requirements typically found in the mountains of the central Argentinean Andes (Río Negro and Mendoza provinces) up to 2000 m a.s.l. [39]. Some of these species include A. aphanantha, Astragalus nivicola, and Leucheria leontopodioides. In contrast, the continuity of high mountain peaks is interrupted to the south by a low, hilly area near the Magellan Strait, generating a division between the continent and the high mountain chains of TF (Cordillera Darwin). In addition to the change in direction of the Andes from north-south to west-east direction in TF, this division increases the distance to other alpine islands and disrupts alpine plant species dispersion, as has also been observed in the mountains of central Mexican [50]. Many other species, mentioned as characteristic of and exclusive to high elevation mountains in SC and TF (e.g., Moschopis rosulata, Baccharis nivalis) [39], were not found in our study. This could be due to the restricted dispersal abilities of plants in alpine environments, where there is a high prevalence of barochory [64]. However, other authors have suggested that species present in the upper limit of vegetation are controlled by the availability of safe sites for colonization, survival, and growth among rocky substrate [47]. Concerning soil temperature, the snow cover on the higher summits was highly variable and likely depended on micro-topography (e.g., slopes on the steepest peaks are windswept and snow does not persist very long there even in the winter), as other alpine studies have reported (e.g., [45,65,66,67]).



At lower summits on both sites, plant species composition was highly influenced by the surrounding vegetation. Lowland species, with few specific requirements and a high tolerance for mountain temperatures and soil conditions, were able to expand their distribution to the lower summits at both studied landscapes. These species included F. pallescens in grasslands and A. ranunculus in forests. Other species inhabiting mountains were also common in lowland ecosystems (e.g., xeric steppes, peat bogs), species such as A. prolifera, V. magellanica and Senecio neaei in SC, and Austrolycopodium magellanicum and Gaultheria pumila var. pumila in TF. The species that occurred at all elevations (9 in SC and 4 in TF, Figure 1 and Appendix A), had broad habitat ranges, morphological variability, and latitudinal distributions (e.g., A. monantha, Azorella selago, Nardophyllum bryoides, E. rubrum, Luzula alopecurus), including several dwarf shrubs and cushions with adaptations to survive under different climatic conditions. Regarding soil temperatures, we registered a long series of values around 0 °C in the lowest summits on both sites, due to deep snow cover in wintertime (from May to October) that removes diurnal temperature variations (e.g., [45,65,66,67]).



The cardinal aspect also had a strong influence on vegetation assemblages and length of the growing season both in SC and in TF and was more important than the elevation factor in defining plant assemblages on some summits. This trend was also observed in European mountains by [11,55]. Particularly, northern and western aspects on the highest summit of SC contained only two species (Oxalis loricata and Nassauvia sp.), with very low cover for each (less than 0.1%). The high exposure of these aspects to the cold, dry, and strong (up to 200 km per h) glacial winds, a lack of well-developed soil on very steep slopes, and proximity to icefields (5 km closer than lower summits), reduced plant species establishment and the species pool able to tolerate these conditions. This wind-induced distribution pattern of vegetation in the alpine belt was also observed in the Himalayas [68], where temperatures below 0 °C and the absence of snow protection restricts and limits plant establishment (e.g., on steep slopes).



On the other hand, the significantly different plant assemblages on eastern aspects of the low and medium elevation summits of SC are likely explained by better soil and hydrological conditions, allowing for the growth of species less tolerant to xeric environments (e.g., F. pallescens). Plant species assemblages on eastern aspects were more similar to those of surrounding lowland grasslands exposed to continuous grazing [69]. In contrast, vegetation on north, south, and west-facing plots can be affected by soil erosion and limited water availability for plant growth. This could favor the establishment of prostrated shrubs with taproot systems (e.g., N. bryoides). Conversely, in deeper soils, erosion produces organic matter and nutrient loss in the superficial horizons, generating a sandy texture that favors psamophilic species (e.g., P. chrysophylla var. chrysophylla) [70]. On the other hand, northern slopes were warmer, with earlier snow-melt and longer growing season (Appendix B), probably resulting in earlier vegetation sprouting, and an increased livestock preference for grazing and sleeping when compared to colder and snowier southern aspects [69]. The favorable growing conditions produced by earlier snowmelt and higher summer temperatures on sunnier exposures (south-facing in the northern hemisphere) at low elevations have been documented previously in other alpine habitats across Europe [65] and Asia [45]. Likewise, the significant dominance of xerophilous species, as well as some woody dwarf shrubs (e.g., E. chilensis) and cushion plants (e.g., N. glomerulosa), shows that mountain species in grassland landscapes of South Patagonia are not only associated with temperature but also with water availability, as has been observed in other mountain ecosystems [19,71]. Pits and mounds, as well as rock outcroppings, may also influence soil moisture distribution and stocking. These relationships should be better studied in South Patagonia alpine environments.



In TF, aspect had a stronger influence on vegetation and soil temperature, particularly in high and medium-high elevation summits. Similar to the results obtained in SC, two aspects of the highest elevation summit in TF (southern and western) showed a clear different plant assemblage that had highly reduced richness and cover. The unique species that can survive there (e.g., S. alloeophyllus var. alloeophyllus) are likely those adapted to live on rocks and screes [8]. On the other hand, the species assemblages on north and east-facing plots at the high elevation summit, which were similar to those on northern, southern, and western facing plots at the medium-high summit, consisted of species adapted to receive abundant meltwater or to live in flooded areas (e.g., A. antarctica). Likewise, plant assemblages on the east aspect at medium-high summit exhibited similar composition and cover as those on lower summits. Different aspects on the lower summit showed little variation because of the flat topography, and similar exposure to conditioning factors. In addition, the highest maximum and the lowest minimum temperature in the northern aspect of the highest summit can be explained by the fact that these areas are always free of snow, even during the coldest months, because of their exposure to strong winds. These winds cause winter temperatures to drop very low, while during the growing season they become warmer than other aspects, due to strong insolation [45]. Although temperatures in the favorable growth period are important, a thermal condition in the unfavorable period and days with freezing temperatures are significant as well [66]. Additional studies are required to better understand temperature-related limitations in South Patagonia.




5. Conclusions


This work contributes to the understanding of temporal variations in alpine vegetation and soil temperatures as they relate to topography factors like elevation and cardinal aspects in a predominantly oceanic region. Results suggest that factors other than warming (e.g., surrounding landscape features and ENSO) influence vegetation diversity and temperature variations. Deeper knowledge about the effect of climate change on the southern extreme of the South American continent should have great value to our collective understanding of climate change’s effects on both hemispheres. However, more studies are needed to determine the geographic distribution, population dynamics, and dispersal of high elevation alpine plant species, and to clarify the relation between soil temperature and growing-season length variations, thermal niches of the species, and magnitude of temperature changes in the mountains of South Patagonia.
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Table A1. Occurrence frequency (%) of alpine vascular plant species in summits (L = low, M = medium, ML = medium-low, MH = medium-high, H = high) of South Patagonian sites, immersed in grassland (SC = Santa Cruz), or forest (TF = Tierra del Fuego). Data are differentiated by base line (BL) or re-sampling (RS). Life-form (LF) as S = shrub, SS = sub-shrub, EH = erect herb, PH = prostrate herb, CG = caespitose grass, RG = rhizomatous grass, CU = cushions, F = fern), origin as N = native, NE = native endemic of South Patagonia and/or southern regions of Chile; E = exotic, and elevation range (m a.s.l.), are also provided. Species are ordered alphabetically by Family.
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Family

	
Species

	
Code

	
LF

	
Origin

	
Elevation

	
L-SC

	
M-SC

	
H-SC

	
L-TF

	
ML-TF

	
MH-TF

	
H-TF




	
(m a.s.l.)

	
BL

	
RS

	
BL

	
RS

	
BL

	
RS

	
BL

	
RS

	
BL

	
RS

	
BL

	
RS

	
BL

	
RS






	
Alstroemeriaceae

	
Alstroemeria patagonica Phil. 1896

	
ALPA

	
EH

	
N

	
0–1300

	
19

	

	

	
31

	

	

	

	

	

	

	

	

	

	




	
Amaryllidaceae

	
Tristagma nivale Poepp. 1833

	
TRNI

	
EH

	
N

	
300–3200

	

	

	

	

	
38

	
44

	

	

	

	

	

	

	

	




	
Apiaceae

	
Azorella 01

	
AZO01

	
CU

	
N

	
-

	

	

	

	

	
6

	

	

	

	

	

	

	

	

	




	
Apiaceae

	
Azorella lycopodioides Gaudich. 1825

	
AZLY

	
CU

	
N

	
0–2500

	

	

	

	

	

	

	
25

	
38

	
38

	
38

	
13

	
13

	

	




	
Apiaceae

	
Azorella monantha Clos 1848

	
AZMO

	
CU

	
N

	
0–3000

	
19

	
25

	
25

	
25

	
50

	
50

	

	

	

	

	

	

	

	




	
Apiaceae

	
Azorella prolifera (Cav.) G.M. Plunkett & A.N. Nicolas 2017

	
AZPR

	
S

	
N

	
0–1500

	

	

	
6

	
6

	

	

	

	

	

	

	

	

	

	




	
Apiaceae

	
Azorella ranunculus d’Urv. 1826

	
AZRA

	
PH

	
N

	
0–900

	

	

	

	

	

	

	

	
56

	

	

	

	

	

	




	
Apiaceae

	
Azorella selago Hook. f. 1847

	
AZSE

	
CU

	
N

	
0–1000

	

	

	

	

	

	

	
25

	
6

	
19

	
31

	
25

	
19

	
6

	
6




	
Apiaceae

	
Bolax gummifera (Lam.) Spreng. 1818

	
BOGU

	
CU

	
NE

	
0–3500

	

	

	

	

	

	

	
88

	
94

	
75

	
75

	
19

	
19

	

	




	
Asteraceae

	
Abrotanella emarginata (Gaudich.) Cass. 1825

	
ABEM

	
CU

	
NE

	
0–1000

	

	

	

	

	

	

	
69

	
75

	
69

	
81

	
50

	
44

	

	




	
Asteraceae

	
Asteraceae 01

	
AST01

	
EH

	
N

	
-

	

	

	

	

	
13

	

	

	

	

	

	

	

	

	




	
Asteraceae

	
Asteraceae 02

	
AST02

	
EH

	
N

	
-

	
13

	
44

	
44

	
50

	

	

	

	

	

	

	

	

	

	




	
Asteraceae

	
Asteraceae 03

	
AST03

	
EH

	
N

	
-

	

	

	

	

	
31

	
19

	

	

	

	

	

	

	

	




	
Asteraceae

	
Chiliotrichum diffusum (G. Forst.) Kuntze 1898

	
CHDI

	
S

	
N

	
0–2700

	

	

	

	

	

	

	

	

	
6

	
6

	

	

	

	




	
Asteraceae

	
Erigeron imbricatus Vierh. 1916

	
ERIM

	
EH

	
N

	
0–1000

	

	

	

	

	
19

	
25

	

	

	

	

	

	

	

	




	
Asteraceae

	
Gamochaeta spiciformis (Sch. Bip.) Cabrera 1961

	
GASP

	
EH

	
N

	
200–1500

	

	

	

	

	

	

	

	

	

	

	

	
6

	

	




	
Asteraceae

	
Hieracium antarcticum d’Urv. 1826

	
HIAN

	
EH

	
N

	
0–2000

	

	

	

	

	

	

	
25

	
25

	
6

	
19

	
6

	

	

	




	
Asteraceae

	
Hypochaeris incana (Hook. & Arn.) Macloskie var. incana 1906

	
HYIN

	
EH

	
N

	
0–1500

	

	
6

	

	

	

	

	

	

	

	

	

	

	

	




	
Asteraceae

	
Leucheria leontopodioides (Kuntze) K. Schum. 1900

	
LELE

	
EH

	
N

	
0–1500

	

	

	

	

	
6

	
19

	

	

	

	

	

	

	

	




	
Asteraceae

	
Nardophyllum bryoides (Lam.) Cabrera 1954

	
NABR

	
CU

	
N

	
0–1200

	
6

	
25

	
50

	
50

	
44

	
19

	

	

	

	

	

	

	

	




	
Asteraceae

	
Nassauvia 01

	
NAS01

	
PH

	
N

	
-

	

	

	

	

	

	
13

	

	

	

	

	

	

	

	




	
Asteraceae

	
Nassauvia aculeata (Less.) Poepp. & Endl. var. azorelloides (Speg.) Cabrera 1982

	
NAAC

	
PH

	
N

	
0–1000

	
50

	
50

	
25

	
25

	
44

	
31

	

	

	

	

	

	

	

	




	
Asteraceae

	
Nassauvia darwinii (Hook. & Arn.) O. Hoffm. & Dusén 1901

	
NADA

	
SS

	
N

	
0–1000

	

	

	

	

	
13

	
38

	

	

	

	

	

	

	

	




	
Asteraceae

	
Nassauvia glomerulosa (Lag. ex Lindl.) D. Don 1832

	
NAGL

	
CU

	
N

	
0–1500

	
75

	
81

	
88

	
81

	

	

	

	

	

	

	

	

	

	




	
Asteraceae

	
Nassauvia pygmaea (Cass.) Hook. f. var. pygmaea 1847

	
NAPY

	
EH

	
N

	
0–1000

	

	

	

	

	

	

	

	

	

	

	

	
6

	

	




	
Asteraceae

	
Perezia magellanica (L. f.) Lag. 1811

	
PEMA

	
EH

	
N

	
200–1400

	

	

	

	

	

	

	
25

	
25

	

	

	

	

	

	




	
Asteraceae

	
Perezia pilifera (D. Don) Hook. & Arn. 1835

	
PEPI

	
PH

	
N

	
0–4300

	

	

	

	

	

	
13

	

	

	

	

	

	

	

	




	
Asteraceae

	
Perezia recurvata (Vahl) Less. 1830

	
PERE

	
EH

	
N

	
0–1000

	
31

	
31

	
31

	
25

	
6

	
6

	

	

	

	

	

	

	

	




	
Asteraceae

	
Senecio alloeophyllus O. Hoffm. var. alloeophyllus 1971

	
SEAL

	
EH

	
NE

	
1300–1800

	

	

	

	

	

	

	

	

	

	

	

	

	
31

	
69




	
Asteraceae

	
Senecio humifusus (Hook. f.) Cabrera 1969

	
SEHU

	
EH

	
NE

	
900–1000

	

	

	

	

	

	

	

	

	
6

	
6

	
50

	
50

	
19

	




	
Asteraceae

	
Senecio neaei DC. 1838

	
SENE

	
S

	
N

	
0–2600

	
38

	
38

	
13

	
25

	
31

	
6

	

	

	

	

	

	

	

	




	
Brassicaceae

	
Noccaea magellanica (Comm. ex Poir.) Holub 1998

	
NOMA

	
EH

	
N

	
0–4000

	
6

	
13

	
50

	
44

	
6

	
31

	

	

	

	

	

	

	

	




	
Brassicaceae

	
Xerodraba lycopodioides (Speg.) Skottsb. 1916

	
XELY

	
CU

	
NE

	
0–1400

	

	

	

	

	
6

	
6

	

	

	

	

	

	

	

	




	
Calceolariaceae

	
Calceolaria polyrrhiza Cav. 1799

	
CAPO

	
EH

	
N

	
500–2000

	

	

	

	

	
13

	
6

	

	

	

	

	

	

	

	




	
Calyceraceae

	
Moschopis trilobata Dusén 1907

	
MOTR

	
EH

	
NE

	
500–1500

	

	

	

	

	
38

	
13

	

	

	

	

	

	

	

	




	
Caryophyllaceae

	
Colobanthus lycopodioides Griseb. 1854

	
COLY

	
CU

	
N

	
0–2300

	
31

	
25

	
13

	
25

	

	

	

	

	

	

	

	

	

	




	
Caryophyllaceae

	
Philippiella patagonica Speg. 1897

	
PHPA

	
CU

	
N

	
0–500

	

	
6

	
38

	
44

	

	

	

	

	

	

	

	

	

	




	
Caryophyllaceae

	
Stellaria debilis d’Urv. 1825

	
STDE

	
PH

	
N

	
0–3500

	
13

	
25

	
31

	
31

	

	

	

	

	

	

	

	

	

	




	
Empetraceae

	
Empetrum rubrum Vahl ex Willd. 1806

	
EMRU

	
SS

	
N

	
0–2800

	

	

	

	

	

	

	
100

	
100

	
75

	
75

	
63

	
69

	
31

	
31




	
Ephedraceae

	
Ephedra chilensis C. Presl 1845

	
EPCH

	
CU

	
N

	
0–4200

	
19

	
25

	
25

	
25

	

	

	

	

	

	

	

	

	

	




	
Ericaceae

	
Gaultheria pumila (L. f.) D.J. Middleton var. pumila 1990

	
GAPU

	
SS

	
N

	
0–1000

	

	

	

	

	

	

	
94

	
100

	
75

	
75

	
31

	
31

	

	




	
Fabaceae

	
Adesmia aphanantha Speg. 1902

	
ADAP

	
PH

	
N

	
200–1500

	

	

	

	

	
25

	
31

	

	

	

	

	

	

	

	




	
Fabaceae

	
Adesmia villosa Hook. f. 1845

	
ADVI

	
PH

	
N

	
0–2400

	
6

	
31

	
50

	
31

	

	

	

	

	

	

	

	

	

	




	
Fabaceae

	
Astragalus nivicola Gómez-Sosa 1977

	
ASNI

	
PH

	
N

	
1000–2000

	

	

	

	

	
6

	
38

	

	

	

	

	

	

	

	




	
Fabaceae

	
Astragalus palenae (Phil.) Reiche 1897

	
ASPA

	
PH

	
N

	
500–2000

	
31

	
13

	

	

	

	

	

	

	

	

	

	

	

	




	
Fabaceae

	
Vicia magellanica Hook. f. 1846

	
VIMA

	
PH

	
N

	
0–500

	
13

	

	
19

	
13

	

	

	

	

	

	

	

	

	

	




	
Gunneraceae

	
Gunnera magellanica Lam. 1789

	
GUMA

	
PH

	
N

	
0–1800

	

	

	

	

	

	

	
6

	
6

	

	

	

	

	

	




	
Iridaceae

	
Olsynium biflorum (Thunb.) Goldblatt 1990

	
OLBI

	
EH

	
NE

	
0–1000

	
25

	

	
25

	
6

	

	

	

	

	

	

	

	

	

	




	
Juncaceae

	
Marsippospermum grandiflorum L. f.) Hook. f. 1843

	
MAGR

	
CG

	
N

	
0–1000

	

	

	

	

	

	

	
19

	
19

	

	

	

	

	

	




	
Juncaceae

	
Luzula alopecurus Desv. 1808

	
LUAL

	
CG

	
N

	
0–1600

	

	

	

	

	

	

	
13

	
25

	
38

	
44

	
31

	
25

	
6

	
6




	
Lycopodiaceae

	
Austrolycopodium magellanicum (P. Beauv.) Holub 1991

	
AUMA

	
F

	
N

	
0–1600

	

	

	

	

	

	

	
31

	
31

	
56

	
56

	

	

	

	




	
Montiaceae

	
Calandrinia caespitosa Gillies ex Arn. 1831

	
CACA

	
EH

	
N

	
300–4000

	

	
6

	

	

	

	

	

	

	

	

	

	

	

	




	
Oxalidaceae

	
Oxalis enneaphylla Cav.1799

	
OXEN

	
EH

	
N

	
0–2600

	
13

	
13

	

	

	
25

	
6

	

	

	

	

	

	

	

	




	
Oxalidaceae

	
Oxalis loricata Dusén 1901

	
OXLO

	
EH

	
NE

	
0–1500

	

	

	

	

	
31

	
25

	

	

	

	

	

	

	

	




	
Poaceae

	
Bromus catharticus Vahl 1791

	
BRCA

	
CG

	
N

	
0–1000

	

	
13

	

	

	

	

	

	

	

	

	

	

	

	




	
Poaceae

	
Bromus setifolius J. Presl var. setifolius 1830

	
BRSE

	
CG

	
N

	
0–500

	
69

	
69

	
63

	
38

	
19

	
6

	

	

	

	

	

	

	

	




	
Poaceae

	
Dactylis glomerata L. 1753

	
DAGL

	
CG

	
E

	
0–2000

	
6

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Poaceae

	
Deschampsia parvula (Hook. f.) E. Desv. 1854

	
DEPA

	
CG

	
NE

	
0–1100

	

	

	

	

	

	

	

	

	

	
38

	

	
19

	

	




	
Poaceae

	
Festuca contracta Kirk 1895

	
FECO

	
CG

	
N

	
200–1100

	

	

	

	

	

	

	
75

	
88

	
56

	
69

	
31

	
31

	
13

	
13




	
Poaceae

	
Festuca pallescens (St.-Yves) Parodi 1953

	
FEPA

	
CG

	
N

	
0–1800

	
25

	
25

	
25

	
31

	

	

	

	

	

	

	

	

	

	




	
Poaceae

	
Hordeum comosum J. Presl 1830

	
HOCO

	
CG

	
N

	
0–4300

	
38

	
31

	
6

	
6

	

	

	

	

	

	

	

	

	

	




	
Poaceae

	
Ortachne rariflora (Hook. f.) Hughes 1923

	
ORRA

	
CG

	
N

	
0–1300

	

	

	

	

	

	

	
56

	
50

	
50

	
38

	

	

	

	




	
Poaceae

	
Pappostipa chrysophylla E. Desv.) Romasch. var. chrysophylla 2008

	
PACH

	
CG

	
N

	
500–4300

	
13

	
50

	
31

	
50

	

	

	

	

	

	

	

	

	

	




	
Poaceae

	
Phleum alpinum L. 1753

	
PHAL

	
CG

	
N

	
0–500

	

	

	

	

	

	

	
6

	

	

	

	

	

	

	




	
Poaceae

	
Poa alopecurus (Gaudich. ex Mirb.) Kunth subsp. fuegiana (Hook. f.) D.M. Moore & Dogg. 1976

	
POAL

	
CG

	
N

	
0–1300

	

	

	

	

	

	

	
6

	

	
31

	
38

	
25

	
25

	

	




	
Poaceae

	
Poa pratensis L. 1753

	
POPR

	
RG

	
E

	
0–3800

	

	

	

	

	

	

	

	

	

	

	

	
6

	

	




	
Poaceae

	
Poa secunda J. Presl 1830

	
POSE

	
CG

	
NE

	
0–600

	
94

	
69

	
81

	
88

	

	
50

	

	

	

	

	

	

	

	




	
Poaceae

	
Rytidosperma virescens (E. Desv.) Nicora 1973

	
RYVI

	
CG

	
N

	
0–3400

	
6

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Poaceae

	
Trisetum (L.) K. Richt. subsp. cumingii (Nees ex Steud.) Finot 1890

	
TRCU

	
CG

	
N

	
0–1100

	

	
13

	

	

	

	
6

	

	

	

	

	

	

	

	




	
Poaceae

	
Trisetum spicatum (L.) K. Richt. subsp. spicatum 1890

	
TRSP

	
CG

	
N

	
0–4700

	

	

	

	

	

	

	
6

	
63

	
13

	
38

	

	

	

	




	
Ranunculaceae

	
Caltha dioneifolia Hook. f. 1843

	
CADI

	
CU

	
NE

	
0–1100

	

	

	

	

	

	

	
13

	
13

	

	

	

	

	

	




	
Ranunculaceae

	
Hamadryas delfinii Phil. ex Reiche 1984

	
HADE

	
EH

	
N

	
0–1100

	

	

	

	

	
13

	
25

	

	

	

	

	

	

	

	




	
Rosaceae

	
Acaena antarctica Hook. f. 1846

	
ACAN

	
PH

	
N

	
1000–1600

	

	

	

	

	

	

	

	

	

	

	
19

	
19

	

	




	
Rosaceae

	
Acaena platyacantha Speg. 1897

	
ACPL

	
PH

	
N

	
900–2000

	
38

	
50

	
38

	
44

	

	

	

	

	

	

	

	

	

	




	
Rubiaceae

	
Oreopolus glacialis (Poepp.) Ricardi 1963

	
ORGL

	
CU

	
N

	
300–3500

	

	

	

	

	
38

	
19

	

	

	

	

	

	

	

	




	
Schoepfiaceae

	
Arjona tuberosa Cav. var. tuberosa 1799

	
ARTU

	
EH

	
N

	
0–1500

	
6

	
13

	
63

	
75

	
19

	
19

	

	

	

	

	

	

	

	




	
Solanaceae

	
Benthamiella spegazziniana A. Soriano 1948

	
BESP

	
CU

	
NE

	
1000–1500

	

	

	
38

	
44

	

	

	

	

	

	

	

	

	

	




	
Thymelaceae

	
Drapetes muscosus Lam. 1792

	
DRMU

	
CU

	
N

	
0–1000

	

	

	

	

	

	

	
69

	
81

	
38

	
38

	
25

	
6

	

	




	
Valerianaceae

	
Valeriana moyanoi Speg. 1897

	
VAMO

	
EH

	
N

	
1000–2500

	

	

	

	
19

	

	
25

	

	

	

	

	

	

	

	




	
Valerianaceae

	
Valeriana sedifolia d’Urv. 1825

	
VASE

	
CU

	
NE

	
500–1500

	

	

	

	

	

	
6

	

	

	

	

	

	

	

	




	
Violaceae

	
Viola tridentata Sm. 1819

	
VITR

	
PH

	
N

	
0–1000

	

	

	

	

	

	

	
38

	
44

	
19

	
19

	

	

	

	




	
Unknown

	
Unknown 01

	
UNKN

	
CU

	
N

	
-

	

	

	

	

	

	

	

	

	

	

	

	
13
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Figure A1. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2014–2015 to 2018–2019) on low elevation summit in Santa Cruz, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature. 






Figure A1. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2014–2015 to 2018–2019) on low elevation summit in Santa Cruz, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature.
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Figure A2. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2014–2015 to 2018–2019) on medium elevation summit in Santa Cruz, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature. 






Figure A2. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2014–2015 to 2018–2019) on medium elevation summit in Santa Cruz, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature.
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Figure A3. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2014–2015 to 2018–2019) on high elevation summit in Santa Cruz, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature. 






Figure A3. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2014–2015 to 2018–2019) on high elevation summit in Santa Cruz, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature.
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Figure A4. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2013–2014 to 2017–2018) on low elevation summit in Tierra del Fuego, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature. 






Figure A4. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2013–2014 to 2017–2018) on low elevation summit in Tierra del Fuego, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature.
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Figure A5. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2013–2014 to 2017–2018) on medium-low elevation summit in Tierra del Fuego, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature. 






Figure A5. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2013–2014 to 2017–2018) on medium-low elevation summit in Tierra del Fuego, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature.
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Figure A6. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2013–2014 to 2017–2018) on medium-high elevation summit in Tierra del Fuego, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature. 






Figure A6. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2013–2014 to 2017–2018) on medium-high elevation summit in Tierra del Fuego, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature.
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Figure A7. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2013–2014 to 2017–2018) on high elevation summit in Tierra del Fuego, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature. 






Figure A7. Diel soil temperature (°C) variation at 10 cm depth during the five studied annual periods (2013–2014 to 2017–2018) on high elevation summit in Tierra del Fuego, showing separately different cardinal aspects (east, north, south, west). The length of the growing season is also indicated with horizontal black bars (numbers represent days). Black = mean temperature; blue = minimum temperature, and red = maximum temperature.
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Figure 1. Overlapping graph of richness in the studied alpine vascular plant assemblages, including the entire survey information (baseline and re-sampling data), showing shared and exclusive species at different elevations (L = low, M = medium, ML = medium-low, MH = medium-high, H = high) in South Patagonia sites, immersed in (a) grassland landscape (Santa Cruz); and (b) forest landscape (Tierra del Fuego). Non-shown combinations (shared species only between ML and H, or between MH and L) have 0 species. 
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Figure 2. Interaction graphs of elevation × cardinal aspect including the entire survey information (baseline and re-sampling data), for richness (number of species), cover (%), and diversity indices (Shannon-Wiener, Pielou evenness) of alpine vascular plants in South Patagonia mountain sites, immersed in grassland (Santa Cruz) or forest (Tierra del Fuego) landscapes, according to a three-way ANOVA results shown in Table 2 (n = 8; N = 96 for Santa Cruz and N = 124 for Tierra del Fuego). Elevation: L = low, M = medium, ML = medium-low, MH = medium-high, H = high; cardinal aspect: north, east, south, west. Some very low values are slightly exaggerated to improve the visual representation of the data. Error bars represent ± standard error. Different letters in each graph indicate significant differences (p < 0.05) by the Tukey test. 
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Figure 3. Non-metrical multidimensional scaling (NMS) for alpine vascular plant species assemblages in South Patagonian sites, immersed in grassland (Santa Cruz) or forest (Tierra del Fuego) landscapes. Plots (in the upper panels) are identified by summit according to their elevation (L = low, M = medium, ML = medium-low, MH = medium-high, H = high), cardinal aspect (E = east, N = north, S = south, W = west) and sampling date (BL = base line, RS = re-sampling). Species (in the lower panels), are identified by codes (see Appendix A). 
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Figure 4. Interaction graphs of elevation × cardinal aspect including the entire five annual period data, for monthly absolute minimum (Tmin) and maximum (Tmax) temperatures (°C) in the South Patagonian mountain site immersed in forest landscape (Tierra del Fuego), according to three-way ANOVA results shown in Table 5 (n = 12; N = 720 for Santa Cruz and N = 960 for Tierra del Fuego). Elevation: L = low, ML = medium-low, MH = medium-high, H = high; cardinal aspect: north, east, south, west. Error bars represent ± standard error. Different letters in each graph indicate significant differences (p < 0.05) by the Tukey test. 
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Table 1. Average cover (%) and total richness (number of species in parentheses) of families of alpine vascular plants, including the entire survey information (baseline and re-sampling data), in two South Patagonia mountain sites, immersed in grassland (Santa Cruz) or forest (Tierra del Fuego) landscapes. The summits are classified by their maximum elevation (L = low, M = medium, ML = medium-low, MH = medium-high, H = high).
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Family

	
Santa Cruz

	
Tierra del Fuego




	
L

	
M

	
H

	
L

	
ML

	
MH

	
H






	
Alstroemeriaceae

	
<0.01 (1)

	
<0.01 (1)

	

	

	

	

	




	
Amaryllidaceae

	

	

	
0.03 (1)

	

	

	

	




	
Apiaceae

	
0.3 (1)

	
0.3 (1)

	
1.7 (2)

	
12.2 (4)

	
8.8 (3)

	
3.7 (3)

	
0.2 (1)




	
Asteraceae

	
18.7 (7)

	
12.3 (6)

	
2.6 (11)

	
1.3 (3)

	
2.8 (4)

	
0.8 (5)

	
1.5 (2)




	
Brassicaceae

	
<0.01 (1)

	
0.1 (1)

	
0.02 (2)

	

	

	

	




	
Calceolariaceae

	

	

	
0.01 (1)

	

	

	

	




	
Calyceraceae

	

	

	
<0.01 (1)

	

	

	

	




	
Caryophyllaceae

	
1.0 (3)

	
0.3 (3)

	

	

	

	

	




	
Empetraceae

	

	

	

	
64.3 (1)

	
45.9 (1)

	
20.0 (1)

	
6.6 (1)




	
Ephedraceae

	
0.02 (1)

	
0.5 (1)

	

	

	

	

	




	
Ericaceae

	

	

	

	
3.2 (1)

	
3.3 (1)

	
1.4 (1)

	




	
Fabaceae

	
0.08 (3)

	
0.6 (3)

	
0.3 (2)

	

	

	

	




	
Gunneraceae

	

	

	

	
0.09 (1)

	

	

	




	
Iridaceae

	
<0.01 (1)

	
<0.01 (1)

	

	

	

	

	




	
Juncaceae

	

	

	

	
1.0 (2)

	
0.1 (1)

	
0.09 (1)

	
0.09 (1)




	
Lycopodiaceae

	

	

	

	
0.4 (1)

	
1.1 (1)

	

	




	
Montiaceae

	
0.01 (1)

	

	

	

	

	

	




	
Oxalidaceae

	
0.2 (1)

	

	
0.1 (2)

	

	

	

	




	
Poaceae

	
10.2 (9)

	
18.9 (5)

	
0.6 (3)

	
11.3 (5)

	
5.1 (5)

	
0.9 (4)

	
0.2 (1)




	
Ranunculaceae

	

	

	
0.07 (1)

	
0.08 (1)

	

	

	




	
Rosaceae

	
0.7 (1)

	
0.4 (1)

	

	

	

	
1.0 (1)

	




	
Rubiaceae

	

	

	
0.2 (1)

	

	

	

	




	
Schoepfiaceae

	
0.01 (1)

	
0.1 (1)

	
0.03 (1)

	

	

	

	




	
Solanaceae

	

	
0.9 (1)

	

	

	

	

	




	
Thymelaceae

	

	

	

	
1.0 (1)

	
0.7 (1)

	
0.2 (1)

	




	
Valerianaceae

	

	
<0.01 (1)

	
0.4 (2)

	

	

	

	




	
Violaceae

	

	

	

	
0.3 (1)

	
0.08 (1)

	

	




	
Unknown family

	

	

	

	

	

	
<0.01 (1)

	




	
Total

	
31.2 (31)

	
34.3 (26)

	
6.0 (30)

	
95.0 (21)

	
67.8 (18)

	
28.0 (18)

	
8.6 (6)
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Table 2. Three-way ANOVAs for mean richness (number of species), cover (%), and diversity indices xxx(Shannon-Wiener, Pielou evenness) of alpine vascular plants in South Patagonia mountain sites, immersed in grassland (Santa Cruz; N = 96) or forest (Tierra del Fuego; N = 128) landscapes. Main factors were: (A) elevation (L = low, M = medium, ML = medium-low, MH = medium-high, H = high); (B) cardinal aspect (north, east, south, west); (C) sampling date (BL = baseline, RS = re-sampling). Interactions (A × B, A × C, B × C and A × B × C) were also evaluated.
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Site

	
Factor

	
Level

	
Richness (n° sp.)

	
Cover (%)

	
xxxShannon-Wiener (SW)

	
Pielou (J)






	
Santa Cruz

	
A: Elevation

	
L

	
7.4 b

	
31.2 b

	
1.11 b

	
0.56 b




	
M

	
9.0 c

	
34.3 b

	
1.10 b

	
0.50 ab




	
H

	
5.6 a

	
6.0 a

	
0.84 a

	
0.44 a




	
F (p)

	
36.59 (<0.01)

	
123.83 (<0.01)

	
8.33 (<0.01)

	
3.31 (0.04)




	
B: Aspect

	
North

	
4.4 a

	
16.1 a

	
0.62 a

	
0.39 a




	

	
East

	
8.8 c

	
33.6 c

	
1.17 c

	
0.53 bc




	

	
South

	
9.1 c

	
19.1 a

	
1.37 d

	
0.63 c




	

	
West

	
7.2 b

	
26.6 b

	
0.93 b

	
0.45 ab




	

	
F (p)

	
45.16 (<0.01)

	
23.70 (<0.01)

	
31.18 (<0.01)

	
8.58 (<0.01)




	
C: Sampling date

	
BL

	
7.0 a

	
22.3

	
0.94 a

	
0.44 a




	
RS

	
7.7 b

	
25.4

	
1.10 b

	
0.55 b




	
F (p)

	
4.28 (0.04)

	
3.8 (0.06)

	
8.15 (0.01)

	
9.62 (<0.01)




	
A × B

	
F (p)

	
50.48 (<0.01)

	
22.70 (<0.01)

	
34.61 (<0.01)

	
11.56 (<0.01)




	
A × C

	
F (p)

	
0.1 (0.90)

	
0.17 (0.84)

	
0.7 (0.50)

	
3.82 (0.03)




	
B × C

	
F (p)

	
1.73 (0.17)

	
2.59 (0.06)

	
1.29 (0.28)

	
0.05 (0.98)




	
A × B × C

	
F (p)

	
1.58 (0.17)

	
3.26 (<0.01)

	
0.59 (0.74)

	
1.94 (0.09)




	
Tierra del Fuego

	
A: Elevation

	
L

	
8.6 d

	
94.6 d

	
0.82 c

	
0.39 ab




	
ML

	
7.3 c

	
67.8 c

	
0.82 c

	
0.44 b




	
MH

	
3.9 b

	
28.0 b

	
0.54 b

	
0.33 ab




	
H

	
1.1 a

	
8.6 a

	
0.21 a

	
0.25 a




	
F (p)

	
101.64 (<0.01)

	
135.83 (<0.01)

	
14.26 (<0.01)

	
2.9 (0.04)




	
B: Aspect

	
North

	
5.8 b

	
50.0 ab

	
0.66 ab

	
0.34




	
East

	
4.0 a

	
64.7 c

	
0.39 a

	
0.30




	
South

	
5.6 b

	
50.1 b

	
0.66 ab

	
0.40




	
West

	
5.6 b

	
37.7 a

	
0.67 b

	
0.37




	
F (p)

	
6.25 (<0.01)

	
11.56 (<0.01)

	
3.61 (0.02)

	
1.02 (0.40)




	
C: Sampling date

	
BL

	
4.9 a

	
50.3

	
0.65

	
0.40 b




	
RS

	
5.6 b

	
49.3

	
0.54

	
0.30 a




	
F (p)

	
4.85 (0.03)

	
0.09 (0.77)

	
2.26 (0.14)

	
5.21 (0.03)




	
A × B

	
F (p)

	
12.29 (<0.01)

	
5.18 (<0.01)

	
5.72 (<0.01)

	
5.91 (<0.01)




	
A × C

	
F (p)

	
1.06 (0.37)

	
0.35 (0.79)

	
0.19 (0.91)

	
0.18 (0.91)




	
B × C

	
F (p)

	
0.42 (0.74)

	
0.26 (0.86)

	
0.84 (0.48)

	
0.87 (0.46)




	
A × B × C

	
F (p)

	
0.6 (0.79)

	
0.31 (0.97)

	
0.55 (0.83)

	
0.85 (0.56)








F (p) = Fisher test, with significance level in parentheses. Different letters in a column indicate significant differences (p < 0.05) by the Tukey test.
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Table 3. Multi-response permutation procedure (MRPP) results comparing differences in the composition of alpine vascular plants in South Patagonia mountain sites, immersed in grassland (Santa Cruz) or forest (Tierra del Fuego) landscapes, according to groups defined by elevation (L = low, M = medium, ML = medium-low, MH = medium-high, H = high), cardinal aspect (north, east, south, west), and sampling date (BL = baseline, RS = re-sampling).
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Site

	
Factor

	
Group Comparison

	
MRPP Statistics




	
T

	
A

	
p






	
Santa Cruz

	
Elevation

	
Overall

	
−5.63

	
0.16

	
<0.01




	
L vs. M

	
−1.68

	
0.05

	
0.07




	
L vs. H

	
−4.59

	
0.19

	
<0.01




	
M vs. H

	
−4.56

	
0.18

	
<0.01




	
Aspect

	
Overall

	
−4.61

	
0.17

	
<0.01




	
East vs. North

	
−3.61

	
0.19

	
<0.01




	
East vs. South

	
−3.13

	
0.11

	
<0.01




	
East vs. West

	
−4.18

	
0.21

	
<0.01




	
North vs. South

	
−0.97

	
0.05

	
0.16




	
North vs. West

	
−0.14

	
0.01

	
0.34




	
South vs. West

	
−0.12

	
0.05

	
0.12




	
Sampling date

	
Overall = BL vs. RS

	
1.64

	
−0.03

	
1.00




	
Tierra del Fuego

	
Elevation

	
Overall

	
−7.95

	
0.21

	
<0.01




	
L vs. ML

	
−0.88

	
0.03

	
0.18




	
L vs. MH

	
−4.80

	
0.17

	
<0.01




	
L vs. H

	
−8.27

	
0.29

	
<0.01




	
ML vs. MH

	
−2.57

	
0.09

	
0.03




	
ML vs. H

	
−6.42

	
0.21

	
<0.01




	
MH vs. H

	
−2.59

	
0.07

	
0.02




	
Aspect

	
Overall

	
−2.53

	
0.07

	
0.02




	
East vs. North

	
−0.83

	
0.03

	
0.17




	
East vs. South

	
−0.59

	
0.03

	
0.21




	
East vs. West

	
−5.11

	
0.15

	
<0.01




	
North vs. South

	
0.36

	
−0.01

	
0.55




	
North vs. West

	
−1.50

	
0.04

	
0.08




	
South vs. West

	
−1.07

	
0.03

	
0.14




	

	
Sampling date

	
Overall = BL vs. RS

	
1.57

	
−0.02

	
1.00








T is the statistic of MRPP, A is the chance-corrected within-group agreement, and p is the probability associated with T.
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Table 4. Indicator Value analysis results showing indicator value (IndVal, %) and probability (p) for the studied alpine vascular plant species in South Patagonia mountain sites, immersed in grassland (Santa Cruz) or forest (Tierra del Fuego) landscapes, according to groups defined by elevation (L = low, M = medium, ML = medium-low, MH = medium-high, H = high), cardinal aspect (N = north, E = east, S = south, W = west), and sampling date (BL = baseline, RS = re-sampling).
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Site

	
Factor

	
Group

	
Species

	
IndVal

	
p






	
Santa Cruz

	
Elevation

	
L

	
Bromus setifolius var. setifolius

	
64.8

	
0.022




	
Nassauvia glomerulosa

	
58.6

	
0.015




	
M

	
Benthamiella spegazziniana

	
75.0

	
<0.001




	
Nardophyllum bryoides

	
59.3

	
0.046




	
Arjona tuberosa var. tuberosa

	
57.9

	
0.019




	
Philippiella patagonica

	
45.3

	
0.036




	
H

	
Oxalis loricata

	
50.0

	
0.019




	
Adesmia aphanantha

	
50.0

	
0.021




	
Astragalus nivicola

	
50.0

	
0.021




	
Asteraceae 03

	
50.0

	
0.021




	
Nassauvia darwinii

	
50.0

	
0.021




	
Perezia pilifera

	
50.0

	
0.021




	
Tristagma nivale

	
50.0

	
0.021




	
Aspect

	
E

	
Senecio neaei

	
81.8

	
<0.001




	
Nassauvia aculeata var. azorelloides

	
79.0

	
0.002




	
Azorella monantha

	
79.0

	
0.001




	
Festuca pallescens

	
66.5

	
0.005




	
Hordeum comosum

	
56.5

	
0.21




	
Vicia magellanica

	
50.0

	
0.038




	
N

	
-

	
-

	
-




	
W

	
Colobanthus lycopodioides

	
64.8

	
0.015




	
Perezia recurvata

	
49.7

	
0.039




	
S

	
Oxalis enneaphylla

	
66.7

	
0.007




	
Noccaea magellanica

	
60.6

	
0.033




	
Sampling date

	
BL

	
-

	
-

	
-




	
RS

	
-

	
-

	
-




	
Tierra del Fuego

	
Elevation

	
L

	
Ortachne rariflora

	
71.1

	
0.004




	
Bolax gummifera

	
61.9

	
0.002




	
Drapetes muscosus

	
51.5

	
0.007




	
Empetrum rubrum

	
47.0

	
0.002




	
ML

	
Abrotanella emarginata

	
68.9

	
<0.001




	
Austrolycopodium magellanicum

	
54.6

	
0.002




	
MH

	
Senecio humifusus

	
52.9

	
0.009




	
H

	
Senecio alloeophyllus var. alloeophyllus

	
87.5

	
<0.001




	
Aspect

	
E

	
Empetrum rubrum

	
40.6

	
0.048




	
N

	
-

	
-

	
-




	
S

	
-

	
-

	
-




	
W

	
-

	
-

	
-




	
Sampling date

	
BL

	
-

	
-

	
-




	
RS

	
Deschampsia parvula

	
37.5

	
0.017
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Table 5. Three-way ANOVAs for the monthly mean (Tmean), and absolute minimum (Tmin) and maximum (Tmax) temperatures (°C) recorded in South Patagonia mountain sites, immersed in grassland (Santa Cruz; N = 720) or forest (Tierra del Fuego; N = 960) landscapes. Main factors were: (A) elevation (L = low, M = medium, ML = medium-low, MH = medium-high, H = high); (B) cardinal aspect (north, east, south, west); and (C) annual period (2014–2015 to 2018–2019 in Santa Cruz, and 2013–2014 to 2017–2018 in Tierra del Fuego). Interactions (A × B, A × C, B × C, and A × B × C) were also evaluated.
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Site

	
Factor

	
Level

	
Tmin (°C)

	
Tmean (°C)

	
Tmax (°C)






	
Santa Cruz

	
A: Elevation

	
L

	
0.2 b

	
6.8 b

	
16.5 b




	
M

	
−0.1 b

	
5.8 ab

	
14.7 ab




	
H

	
−0.9 a

	
4.9 a

	
13.8 a




	
F (p)

	
7.30 (<0.01)

	
7.93 (<0.01)

	
6.53 (<0.01)




	
B: Aspect

	
North

	
0.1

	
6.4

	
16.4




	
East

	
0.0

	
6.0

	
14.6




	
South

	
−0.6

	
5.4

	
14.2




	
West

	
−0.5

	
5.6

	
14.9




	
F (p)

	
2.34 (0.07)

	
1.34 (0.26)

	
2.26 (0.08)




	
C: Annual period

	
2014–2015

	
0.3

	
5.9

	
13.6 a




	
2015–2016

	
−0.1

	
6.1

	
15.4 ab




	
2016–2017

	
−0.8

	
6.1

	
17.1 b




	
2017–2018

	
−0.6

	
5.4

	
14.9 ab




	
2018–2019

	
−0.1

	
5.7

	
14.1 a




	
F (p)

	
2.35 (0.05)

	
0.48 (0.75)

	
3.69 (<0.01)




	
A × B

	
F (p)

	
1.90 (0.08)

	
0.18 (0.98)

	
0.87 (0.51)




	
A × C

	
F (p)

	
1.49 (0.16)

	
0.02 (>0.99)

	
0.76 (0.64)




	
B × C

	
F (p)

	
0.66 (0.79)

	
0.02 (>0.99)

	
0.21 (0.99)




	
A × B × C

	
F (p)

	
0.31 (0.99)

	
0.01 (>0.99)

	
0.16 (>0.99)




	
Tierra del Fuego

	
A: Elevation

	
L

	
1.0 c

	
2.8 c

	
6.0 ab




	
ML

	
0.8 c

	
2.5 bc

	
5.8 a




	
MH

	
−1.2 b

	
1.9 ab

	
7.8 c




	
H

	
−2.3 a

	
1.3 a

	
7.3 bc




	
F (p)

	
30.22 (<0.01)

	
11.89 (<0.01)

	
6.15 (<0.01)




	
B: Aspect

	
North

	
−0.2

	
2.3

	
7.3 b




	
East

	
−0.5

	
2.2

	
6.7 ab




	
South

	
−0.5

	
1.7

	
5.5 a




	
West

	
−0.6

	
2.2

	
7.5 b




	
F (p)

	
2.32 (0.07)

	
1.78 (0.15)

	
5.13 (<0.01)




	
C: Annual period

	
2013–2014

	
−0.8 a

	
1.6 a

	
6.2




	
2014–2015

	
−0.6 ab

	
2.1 ab

	
6.9




	
2015–2016

	
−0.8 a

	
1.9 a

	
6.6




	
2016–2017

	
0.2 c

	
2.8 b

	
7.4




	
2017–2018

	
−0.3 b

	
2.3 ab

	
6.6




	
F (p)

	
12.05 (<0.01)

	
4.05 (<0.01)

	
0.94 (0.44)




	
A × B

	
F (p)

	
8.72 (<0.01)

	
0.42 (0.93)

	
2.07 (0.03)




	
A × C

	
F (p)

	
0.63 (0.81)

	
0.02 (>0.99)

	
0.23 (0.99)




	
B × C

	
F (p)

	
0.19 (0.99)

	
0.20 (0.91)

	
0.08 (>0.99)




	
A × B × C

	
F (p)

	
0.25 (0.99)

	
0.01 (>0.99)

	
0.08 (>0.99)








F (p) = Fisher test with significance level in parentheses. Different letters in a column indicate significant differences (p < 0.05) by the Tukey test.
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