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Abstract:



This research focuses on the effect of trampling on vegetation in high-mountain ecosystems through the electromagnetic spectrum’s interaction with plant pigments, cell structure, water content and other substances that have a direct impact on leaf properties. The aim of the study was to confirm with the use of fluorescence methods of variability in the state of high-mountain vegetation previously measured spectrometrically. The most heavily visited part of the High Tatras in Poland was divided into polygons and, after selecting the dominant species within alpine swards, a detailed analysis of trampled and reference patterns was performed. The Analytical Spectral Devices (ASD) FieldSpec 3/4 were used to acquire high-resolution spectral properties of plants, their fluorescence and the leaf chlorophyll content with the difference between the plant surface temperature (ts), and the air temperature (ta) as well as fraction of Absorbed Photosynthetically Active Radiation (fAPAR) used as reference data. The results show that, along tourist trails, vegetation adapts to trampling with the impact depending on the species. A lower chlorophyll value was confirmed by a decrease in fluorescence, and the cellular structures were degraded in trampled compared to reference species, with a lower leaf reflectance. In addition, at the extreme, trampling can eliminate certain species such as Luzula alpino-pilosa, for which significant changes were noted due to trampling.
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1. Introduction


Mountain vegetation grows under adverse environmental conditions, which leads to the development of specific adaptations (pigment content, plant tissue structure, leaf wax covers, etc.) to survive at the fringe of life. All these adaptations have a direct impact on reflectance, which can be quantified using hyperspectral techniques [1]. Non-invasive methods should play a leading role in highly protected areas but have to be supported by biophysical variables [2,3]. For example, remote sensing enables the identification of plants and vegetation communities in mountainous areas [4,5], and the mapping or monitoring of vegetation can be carried out at various spatial scales depending on the sensors used [6]. The state of cell structures, photosynthetically active pigments, water, lignin and cellulose content determines the spectral reflectance curve in different parts of the electromagnetic spectrum [7]. In addition, the relationship between absorbed and scattered photons allows an exploration of the stress resistance mechanism(s) according to species properties [8,9,10].



The vulnerability of vegetation to trampling damage is expressed by three indices: resistance (ability of vegetation to resist change when trampled), resilience (ability of vegetation to recover following the cessation of trampling) and tolerance (ability of vegetation to tolerate a cycle of disturbance and recovery) [11,12]. Reductions in cover or abundance of vascular plants have repeatedly been shown to be a response to trampling [13,14,15], and several studies show decreases in shrub cover [16,17,18]. Mechanical traits, including leaf toughness, root strength and stem flexibility have also been observed to play a key role [19,20,21]. Studies have shown that trampling-resistant species that grow well, alongside species that are very sensitive [22,23], are constrained by the packed earth of trampled land, which is a barrier to germination and thus plant regeneration [24]; soil bulk density of trampled and untrampled soils increases with increasing exposure [25]. Low-intensity anthropopression may increase plant resistance and defensive physiological adaptations, and at higher intensities damages fragile biosphere cover.



The monitoring of vegetation should be based on photosynthetically active pigments, especially chlorophylls and carotenoids (antheraxanthin, β-carotene, lutein, neoxanthin, violaxanthin, and zeaxanthin). In addition, the relationship between chlorophylls and carotenoids are indicators of the short- and long-term stress of plants [26]. A key element of chlorophyll molecules is the light re-emitted during the return from an excited to non-excited state (chlorophyll fluorescence); it is used as an indicator of photosynthetic energy conversion in higher plants. Therefore, chlorophyll fluorescence yield provides quantitative information not only on steady-state photosynthesis but also on various mechanisms for protection against stress-induced damage [27]. The fluorescence emission intensity is sensitive to changes in the photosynthetic apparatus; in terms of both the health and function of the photosynthetic process [28]. The use of fluorescence determines the actual damage of cellular structures, which is reflected by the quantity of light-related reaction products in the plant [29]. Coupling fluorescence measurements with other non-invasive techniques such as gas exchange, thermal imaging and absorption spectroscopy can provide insights into stress conditions before visible external symptoms such as wilting, necrosis and chlorosis are present [30]. Such methods should be supported by hyperspectral imaging techniques [31], especially airborne and Unmanned Aerial Vehicle (UAV) based, to better understand spatio-spectral patterns [32,33]. For example, hyperspectral data (the Compact Airborne Spectrographic Imager—CASI, the Reflective Optics System Imaging Spectrometer—ROSIS, the Digital Airborne Imaging Spectrometer—DAIS-7915, and terrestrial spectrometer) and bio-radiometric measurements (Leaf Area Index—LAI) on vineyard fields [34,35] were used. The amount of chlorophyll a and b and carotenoids in vegetation was estimated, as well as by remote sensing vegetation, determining the state of the vines. The authors determined that some of the best-performing (R2 approximately 0.50) for variability of the ratio of chlorophylls to carotenoids are Structure Insensitive Pigment Index (SIPI) and Photochemical Reflectance Index (PRI), while the best indicators for chlorophyll content correlation are (R2 approximately 0.80–0.90) Zarco and Miller (ZM), Gitelson and Merzlyak (GM1, GM2), Modified Chlorophyll Absorption in Reflectance Index (MCARI), Transformed Chlorophyll Absorption in Reflectance Index (TCARI), Optimized Soil-Adjusted Vegetation Index (OSAVI), MCARI/OSAVI, and TCARI/OSAVI [35]. Adding fluorescence to data obtained from UAV on the example of citrus trees, the authors tried to determine water stress using chlorophyll fluorescence and PRI measurements. Chlorophyll fluorescence was calculated from the micro-hyperspectral imagery with the method tracked stress levels, obtaining R2 = 0.67 (p < 0.05) with stomatal conductance, and R2 = 0.66 (p < 0.001) with water potential [36]. The newest hyperspectral scanners for UAVs allow registration of the full range of the electromagnetic spectrum (including the Shortwave Infrared SWIR, e.g., HySpex for UAV) [35,36]. This is particularly important for mountain areas, where the weather conditions are unstable.



The aim of this study was to present a field-based method for non-invasive analysis of the condition of the dominant sward species surrounding the most frequented alpine tourist trails in the Tatra National Park (UNESCO Man and the Biosphere Reserve), which is one of the most visited natural mountain parks in Poland (around 500,000 tourists explore the research area every summer). As the main source of information, ASD FieldSpec 3/4 hyperspectral measurements were used to analyze interactions between the electromagnetic spectrum and the morphology and physiology of plants. To confirm the variation in vegetation presented by means of remote sensing, the biophysical variables chlorophyll content in the leaves, chlorophyll and fluorescent in vivo, absorption of photosynthetic active radiation, and transpiration processes were used. It is extremely important to use chlorophyll and fluorescence in vivo, which shows us the physiological condition of live tissues and is an indicator of photosynthetic energy conversion in plants. The goals of the analyses were: showing the impact of trampling on alpine swards, identifying the species sensitive and resistant to trampling, and assessing their physiological condition. The species level is extremely important, since the vegetation reacts differently to the process of trampling; some species are more at risk than others, resulting in the disappearance of a valuable natural resource. Such analyses support the management processes of reconstruction and regeneration of the vegetation cover, especially in terms of retaining fractional vegetation cover. Therefore, hyperspectral remote sensing and chlorophyll fluorescence methods are a promising non-invasive tool for monitoring hiking trails and mountainous areas, and future studies could be based on airborne hyperspectral images.




2. Study Area and Research Objects


The Tatra test site is located within the Man & Biosphere Reserve, encompassing alpine and subalpine zones of the Polish and Slovak Tatra National Park (TPN and TANAP). The area (49°10′30″ to 49°16′00″N and 19°45′30″ to 20°07′30″E) covers approximately 110 km2 and is located at an altitude range of 1500–2300 m above sea level (a.s.l). The central parts of the Polish High Tatras (Kasprowy Wierch region and Czerwone Wierchy Mountains) were investigated (Figure 1).


Figure 1. Photo of the trail running from the mountain pass under Kopa Kondracka.
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The core of the massif is composed of sedimentary rocks (limestone and dolomites of the Middle Triassic), with the tops covered by a mantle of crystalline rocks (granites and gneisses). The Czerwone Wierchy name comes from the red-brown color of the slopes, which results from a plant called Juncus trifidus fading to red in the autumn; and often as early as mid-summer. The altitude also results in the occurrence of Oreochloa disticha and Festuca picta. Due to the varied geological substrate, diverse vegetation is present, e.g., both the aforementioned plants can grow on calciphilous and acidophilic soils. Therefore, alpine swards are an excellent example of communities susceptible to change [34,35]. The research conducted so far [36] has revealed that species react differently to stress factors, depending on their morphology and the type of the cellular structures.



The study was conducted during August in both 2013 and 2014. Based on experience and previously conducted research, species were selected to include the greatest percentage of high-altitude communities [35]. After consultation with field scientists of phytosociology, and selection using a map of the main vegetation species in this area, the following species were selected: Juncus trifidus, Agrostis rupestris, Luzula alpino-pilosa, Oreochloa disticha, and Festuca picta.



Trails are frequently visited by tourists, as evidenced by the large-scale destruction resulting from the tourist infrastructure (Figure 2). In 2014, TPN began revitalization of the area through the reconstruction of routes and their surrounding areas in order to reduce the impact of tourist traffic both in activating the erosion processes and in trampling vegetation, and also in order to enable regeneration of damaged vegetation (co-financed by the EU project No. POIS.05.01.00-00-398/12).


Figure 2. Location of the research area and polygons.
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3. Materials and Methods


Although many mountain ecosystem vegetation communities are heterogeneous, to obtain a spectral signal from a single species at a time, measurements were taken within highly homogeneous alpine sward patches across the most crowded trails within the Czerwone Wierchy Peaks (Figure 2). The map of trampled and damaged areas was delivered by the Tatra National Park, and the initial selection of alpine sward locations was conducted with a vegetation map at a scale of 1:10,000 [37]. Then, following a detailed species analysis, Juncus trifidus, Oreochloa disticha, Agrostis rupestris, Festuca picta, and Luzula alpino-pilosa were selected. They are monocotyledonous plants with a similar growth type (clump forming) and belonging to the families Juncaceae and Poaceae. The Juncaceae family is represented by two species belonging to separate genera: Juncus trifidus and Luzula alpino-pilosa, while the Poaceae family contains Agrostis rupestris, Festuca picta and Oreochloa disticha. The main criterion for selection was a dominant presence within homogeneous patches in trampled zones (<5 m from a trail) and control areas (>5 m from a trail) in the same topographical habitats. A distance of 5 m was considered the maximum distance that tourists are likely to walk or stand away from the trail, because of the slope steepness. All polygons were located by the GPS Trimble GeoXT receiver with an accuracy that oscillated around 50 cm (real-time measurements, Figure 2, Table 1).



Table 1. The number of research targets and replicates.







	

	
Number of Patches

	
Number of Measurements

	
Number of Measurements for Trampled Plants

	
Number of Measurements for Reference Plants






	
Juncus trifidus

	
62

	
1300

	
610

	
690




	
Oreochloa disticha

	
32

	
630

	
290

	
340




	
Agrostis rupestris

	
98

	
1970

	
940

	
1030




	
Festuca picta

	
28

	
530

	
250

	
280




	
Luzula alpino-pilosa

	
76

	
1610

	
770

	
840










Each of the 16 polygons covered a few dozen homogenous patches of all investigated species (the number of patches was different for different polygons, but attempts were made to collect sets of trampled and reference patches for each species in every polygon). Every patch had a dimension of 1 m2, and all the terrain measurements were collected in the period from 10:00 to 14:00 with the same set of measurements performed:

	
Hyperspectral properties of plants using an ASD FieldSpec 3/4 spectrometer fitted with a contact probe (ASD PlantProbe), operating in the range 350–2500 nm (ASD Inc., Longmont, CO, USA). The ASD PlantProbe uses an artificial light and closed chamber for data acquisition at the leaf-level, offering comparable results for all measurements within test areas during the field campaigns. The instrument was configured by taking 25 measurements of the Dark Current (DC), then 25 of a White Reference spectralon reflectance target (SG 33151 Zenith Lite) in the cap of the ASD PlantProbe, which was repeated before every plant patch (Table 1). The plant spectral properties were acquired from 25 independent plant measurements, which were averaged into one spectral characteristic (a spectral record) with 10 records acquired for one plant patch, i.e., totaling 250 measurements that affording a higher data objectivity (Table 1). The measurements were made directly on the leaves using a fiber cable (25° field of view (FOV)) placed in the ASD PlantProbe, which takes measurements from a one cm of FOV circle area of leaves in the ASD PlantProbe (Figure 3). All leaves were measured in the upper (5 measurements) and middle (5) parts of plants. In the case of narrow leaves, a set of touching leaves were used [32].


Figure 3. Hyperspectral measurements by ASD PlantProbe (upper picture), which is connected to the ASD FieldSpec by an optical fiber cable (black one on the upper picture). A closed leaf clip (picture lower part) is used for adapting leaves to the darkness before measurements of chlorophyll fluorescence.
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The fraction of accumulated radiation in the range of photosynthesis (fAPAR) [34] that is the total radiation used by the vegetation for photosynthesis, measured using an AccuPAR linear ceptometer at the canopy level. In each field course, two sets of the following Absorbed Photosynthetically Active Radiation (APAR) components were made: PAR0, amount of radiation reaching the surface of the plant; PARc, amount of radiation reflected by plants; PARt, amount of radiation that has penetrated the plants; and PARs, amount of radiation that has been reflected from the ground; this biophysical variable is directly related to the primary productivity of photosynthesis.



	
The temperature index, ts-ta, is the difference between ts (the plant surface temperature), and ta (the air temperature), which defines evapotranspiration and water stress (pyrometer IRtec MiniRay) at the canopy level. Ten independent measurements of ts and ta were made.



	
Chlorophyll content in leaves was measured as Chlorophyll Content Meter (CCM-200) at the leaf level. Twenty independent measurements were made.



	
Chlorophyll fluorescence—a Plant Stress Meter (PSM Mark II) fluorometer for the analysis of the actual state of the photosynthetic apparatus (the peak wavelength for the Far Red source is ~690 nm); fluorescence measurements were made for dark adapted leaves (20 min; Fv/Fm; Figure 3) as 10 independent measurements; the level of half rise-time (t½) using leaf clips. Measurements of chlorophyll fluorescence provide a useful probe of photosynthetic performance in vivo, and the extent to which performance is limited by photochemical and non-photochemical processes [38]. The parameters that determine the photosynthetic efficiency and state of photosynthetic apparatus are the maximum quantum efficiency of photosystem II (PSII) photochemistry (Fv/Fm, where Fm is maximal fluorescence; Fv is variable fluorescence equal to Fm-Fo; and Fo is minimal fluorescence) and t½ (half rise time from Fo to Fm, which indicates the size of antenna systems). Fv/Fm describes the photochemical efficiency of the PSII, i.e., the parameter most sensitive to stress factors. Fv/Fm represents the maximum quantum efficiency of PSII, if all capable reaction centers were opened, and so a value from 0.79 to 0.84 is the optimal value for many plant species, with lower values indicating plant stress [39,40]. In dark adapted plants (measured part of the leaf has been in the dark for an extended period of time before measurement), the electron transport chain is not active, whereas, in the light, all chlorophyll molecules are fully activated and transfers light energy to a reaction center.








The results of the spectrometric, bio-radiometric and fluorescence measurements were compiled. The spectral curves for each alpine sward species were analyzed using ANOVA (significance level of 0.05), with the spectral characteristics of trampled and reference vegetation used to verify which part of the spectral range showed the biggest difference in terms of pigments, cellular structures and water content.



Based on the spectral characteristics of the tested species, vegetation indices were calculated; mathematical relationships between spectral reflectance values in narrow, well-defined ranges allow more accurate analysis of vegetation parameters [40]. Selected statistical tests were performed to check if the data distribution was normal (Shapiro–Wilk test) and identify changes between trampled and reference vegetation. The choice was not accidental: the remote sensing vegetation indices chosen were those that showed the largest, significant percentage of changes for the studied plants. In addition, it was suggested that the indicators would not show strongly correlated information, and those that would significantly capture changes in the plant were selected, including dyes or water. Because all vegetation indices had a nonparametric distribution, to find statistically significant (p < 0.05 level) indicators Mann–Whitney U test was used to compare information for species in two types of polygons and the Spearman tests of correlation this data (nonparametric distribution). Based on previous research [32,37], the choice of indicators was based on statistically significant ranges of the spectrum for the analyzed species. The remote sensing vegetation indices chosen were those that in previous studies allowed observing any changes in vegetation. Then, remote sensing vegetation indices were designed, selected and calculated to provide a measure of the overall quantity and quality of the photosynthetic material, which is necessary for understanding the vegetation state:

	
Wide Dynamic Range Vegetation Index (WDRVI) [41], Soil-Adjusted Vegetation Index (SAVI) [42], Green Normalized Difference Vegetation Index (Green NDVI) [43], Greenness Index (GI) [44], and Red Edge Position Index (REPI) [45];



	
Modified Normalized Difference Vegetation Index 705 (mNDVI705) [46], Transformed Chlorophyll Absorption Reflectance Index (TCARI) [47], Modified Chlorophyll Absorption Ratio Index (MCARI) [48], Normalized Pigment Chlorophyll Index (NPCI) [49], Simple Ratio Pigment Index (SRPI) [50], and Normalized Phaeophytinization Index (NPQI) [51];



	
Photochemical Reflectance Index (PRI) [52], Structure Insensitive Pigment Index (SIPI) [50], and Xanthophyll Epoxidation State (XES) [53];



	
Normalized Difference Nitrogen Index (NDNI) [54];



	
Normalized Difference Lignin Index (NDLI) [54];



	
Plant Senescence Reflectance Index (PSRI) [55], Cellulose Absorption Index (CAI) [56];



	
Carotenoid Reflectance Index 1 (CRI 1) [57], Carotenoid Reflectance Index 2 (CRI2) [57], Anthocyanin Reflectance Index 1 (ARI 1) [58], and Anthocyanin Reflectance Index 2 (ARI 2) [58]; and



	
Moisture Stress Index (MSI) [59], Normalized Difference Infrared Index (NDII) [60], Water Band Index (WBI) [49], and Normalized Difference Water Index (NDWI) [61].








All statistical analyses were conducted on individual, single, measurements with graphs presented for average values. The first step was statistical analysis (Mann–Whitney U test, comparison of two groups-buffer up to 5 m, trampled and more than 5 m as a reference) of these remote sensing vegetation indices, to see which indices show statistically significant changes (level p < 0.05) in reaction to trampling compared to reference buffer measurements. The analysis of spectral reflection curves was also based on the Ward’s data agglomeration method. This method made it possible to compare the spectral characteristics of the dominant species of alpine swards, and to illustrate that the spectral reflectance curves of the species and their cases (trampled and reference) are most similar to each other in the values of reflectance in the range of 350–2500 nm. The characteristic result of this classification is a hierarchical tree, at the beginning of which each object is its own class. With each step, the criterion is weakened. In this way, more and more elements are related to each other more and more differently. In the last stage of the research, the objects are connected to each other. Then, in the cases of statistical significance (at the level p < 0.05), the parameters were analyzed using bio-radiometric measurements and fluorescence. For this purpose, the remote sensing vegetation indices (statistically significant at the p < 0.05 level) were correlated (using Spearman correlation because the data does not have a normal distribution) with bio-radiometric indices. This correlation was used to verify that the same information was obtained from the spectrometer measurements. Meanwhile, the Spearman correlation between remote sensing vegetation indices and measurements of fluorescence (Fv/Fm and t½) was used to verify that changes are genuinely caused by trampling and relate to cell disorders in the photosynthetic process.




4. Results


After analyzing the statistical tests, all the species studied and compare in both polygons showed statistically significant changes at the 0.05 level (Figure 4). This confirmation of a change, between trampled and reference vegetation, was visible in both the wavelength ranges corresponding to pigment concentration (especially chlorophyll), cellular structures (red edge), and the narrow ranges describing the water contents (Figure 4). All species had a common important range within the electromagnetic spectrum, and when looking for the signature of trampled vegetation. These ranges are related to the chlorophyll (621–693 nm), cell structure (1360–1372 and 1409–1529 nm) and water, dry matter content and plant building substances such as proteins and nitrogen (1829–1835, 1845–1862, 1879–2145, 2348–2465, and 2491–2500 nm; Table 2, Figure 4); additionally, uncovered soil causes increased transpiration and dryness of vegetation around the trail, as evidenced by the decrease in water content for the species in the buffer.


Figure 4. Mean value for the spectral characteristics of the species tested with the shaded parts of the electromagnetic spectrum indicating where a significant statistical relationship at the 0.05 level was found: (A) Luzula alpino-pilosa (reference n-840, trampled n-770); (B) Festuca picta (reference n-280, trampled n-250); (C) Juncus trufidus (reference n-690, trampled n-610); (D) Agrostis rupestris (reference n-1030, trampled n-940); and (E) Oreochloa disticha (reference n-340, trampled n-290).
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Table 2. The statistically significant different spectrum ranges of trampled and reference species at the significance level of 0.05.







	

	
VIS (nm)

	
NIR (nm)

	
SWIR (nm)






	
Luzula alpino-pilosa

	
448–514, 581–707, 737–780

	
780–886, 1174–1400

	
1400–2500




	
Festuca picta

	
350–735

	
929–1400

	
1400–2500




	
Juncus trifidus

	
350–585, 621–702, 711–780

	
780–1370

	
1409–1529, 1829–2145, 2348–2465, 2470–2471, 2491–2500




	
Agrostis rupestris

	
351–356, 363–364, 422–524, 568–709, 722–780

	
780–1133, 1356–1400

	
1400–1835, 1845–1862, 1879–2500




	
Oreochloa disticha

	
353–365, 368–369, 371, 373–376, 598, 608–693

	
1360–1400

	
1400–2500




	
common to all species

	
621–639

	
1360–1372

	
1409–1529, 1829–1835, 1845–1862, 1879–2145, 2348–2465, 2470–2471, 2491–2500










The effect of this research is to show differences in the condition of the examined species of alpine swards between test areas (trampled, reference) as well as interspecies variability. The agglomeration of the curves of spectral characteristics using the Ward method showed the degree of similarity of the spectral reflection value of individual species of alpine swards in the study field. The highest similarity of spectral characteristics was observed between polygon variants (trampled, reference) for the species Oreochloa disticha, Agrostis rupestris and Juncus trifidus. However, species Festuca picta and Luzula alpino-pilosa were significantly different from each other (trampled and reference) in the tested areas (Figure 5). If we compare only the dominant alpine swards species in reference polygons, the species with similar spectral characteristics are the species Festuca picta and Agrostis rupestris, as well as the second pair of similar species such as Oreochloa disticha and Juncus trifidus. However, the species that differs significantly from its spectral characteristics is Luzula alpino-pilosa (Figure 5).


Figure 5. Agglomeration of spectral reflection curves in the electromagnetic spectrum (350–2500 nm; Ward’s method).
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To confirm the variation in stress status and variability of individual parameters (e.g., chlorophyll, and water content), the remote sensing indices were combined into groups that described specific features, i.e., condition and structure, chlorophyll content, nitrogen content, the amount of light used in the process of photosynthesis, and the water content. For the studied species, calculated values are significantly different (Table 3). The indicators that showed statistically significant differences between the reference and trampled polygons (at the statistical significance level of 0.05) for each species tested are SIPI, PSRI, MSI, NDII, WBI, NDWI, SAVI, WRDVI, SRPI, NDNI, and GI (Table 3). The remote sensing vegetation indices show a statistically significant decline in the value for trampled plants for all tested species. For example, the description of the general condition through Wide Dynamic Range Vegetation Index (WDRVI) decreased about 4–10% while the Soil-Adjusted Vegetation Index (SAVI) decreased by approximately 5–12%. There was also a decrease in chlorophyll content, e.g., SRPI decreases by approximately 3–31%, Greenness Index (GI) by 9–23% and Simple Ratio Pigment Index (SRPI) by 3–31%. The use of light in the photosynthesis process, detected using the Structure Insensitive Pigment Index (SIPI), decreased by approximately 3–7%. The nitrogen content (NDNI) varies between buffers by approximately 5–5.5% with the Plant Senescence Reflectance Index (PSRI) ranging 20–67%. The amount of water also decreased, as shown by NDWI, whose value for the trampled species decreased by approximately 50–100% alongside the Moisture Stress Index (MSI) by 11–22%, Normalized Difference Infrared Index (NDII) by 21–29% and Water Band Index (WBI) by 1–3%.



Table 3. Remote sensing vegetation indices for the species showing statistically significant changes at the 0.05 level. AR, Agrostis rupestris; LAP, Luzula alpino-pilosa; JT, Juncus trifidus; FP, Festuca picta; OD, Oreochloa disticha; T, trampled; R, reference; **, statistical significance at the 0.05 level; %, the percentage of trampled is smaller than the reference value for all species; 1, bold indices mean statistically important difference between two types of polygons for all species.







	

	
AR_R

	
AR_T

	
LAP_R

	
LAP_T

	
JT_R

	
JT_T

	
FP_R

	
FP_T

	
OD_R

	
OD_T

	
%






	
mNDVI 705

	
0.52 **

	
0.47 **

	
0.58 **

	
0.53 **

	
0.61 **

	
0.50 **

	
0.52 **

	
0.47 **

	
0.50

	
0.49

	
2–18




	
PRI

	
−0.03 **

	
−0.04 **

	
−0.02 **

	
−0.03 **

	
−0.03 **

	
−0.08 **

	
−0.03

	
−0.04

	
−0.03

	
−0.04

	
33–67




	
SIPI 1

	
1.08 **

	
1.14 **

	
1.01 **

	
1.04 **

	
1.04 **

	
1.11 **

	
1.07 **

	
1.10 **

	
1.08 **

	
1.11 **

	
3–7




	
NDLI

	
0.06 **

	
0.05 **

	
0.06

	
0.06

	
0.05 **

	
0.05 **

	
0.06 **

	
0.06 **

	
0.05

	
0.05

	
17




	
PSRI 1

	
0.05 **

	
0.08 **

	
0.00 **

	
0.03 **

	
0.03 **

	
0.08 **

	
0.04 **

	
0.06 **

	
0.05 **

	
0.06 **

	
20–67




	
CRI 1

	
5.25 **

	
3.94 **

	
8.15 **

	
5.80 **

	
7.33 **

	
8.96 **

	
6.43 **

	
4.02 **

	
5.37

	
4.76

	
11–37




	
CRI 2

	
6.20 **

	
5.15 **

	
9.35

	
7.12

	
8.26 **

	
12.05 **

	
7.41 **

	
5.20 **

	
6.80

	
6.07

	
11–46




	
ARI1

	
0.95 **

	
1.21 **

	
1.21 **

	
1.32 **

	
0.92 **

	
3.09 **

	
0.97 **

	
1.17 **

	
1.43

	
1.31

	
8–36




	
ARI 2

	
0.50 **

	
0.69 **

	
0.48 **

	
0.74 **

	
0.55 **

	
1.42 **

	
0.52 **

	
0.64 **

	
0.73

	
0.68

	
7–58




	
MSI 1

	
0.60 **

	
0.69 **

	
0.51 **

	
0.59 **

	
0.51 **

	
0.62 **

	
0.57 **

	
0.63 **

	
0.59 **

	
0.66 **

	
11–22




	
NDII 1

	
0.21 **

	
0.15 **

	
0.28 **

	
0.22 **

	
0.28 **

	
0.20 **

	
0.23 **

	
0.18 **

	
0.21 **

	
0.16 **

	
21–29




	
WBI 1

	
1.02 **

	
1.00 **

	
1.04 **

	
1.02 **

	
1.04 **

	
1.01 **

	
1.02 **

	
1.01 **

	
1.02 **

	
1.01 **

	
1–3




	
NDWI 1

	
0.02 **

	
−0.01 **

	
0.04 **

	
0.01 **

	
0.05 **

	
0.00 **

	
0.02 **

	
0.00 **

	
0.01 **

	
0.00 **

	
50–100




	
SAVI 1

	
0.62 **

	
0.55 **

	
0.72 **

	
0.67 **

	
0.68 **

	
0.60 **

	
0.62 **

	
0.58 **

	
0.59 **

	
0.56 **

	
5–12




	
WRDVI 1

	
0.69 **

	
0.62 **

	
0.79 **

	
0.74 **

	
0.77 **

	
0.71 **

	
0.70 **

	
0.64 **

	
0.68 **

	
0.65 **

	
4–10




	
Green NDVI

	
0.59 **

	
0.56 **

	
0.65 **

	
0.63 **

	
0.67

	
0.66

	
0.60 **

	
0.56 **

	
0.60

	
0.58

	
1–7




	
TCARI

	
0.21 **

	
0.17 **

	
0.28 **

	
0.25 **

	
0.18 **

	
0.15 **

	
0.21

	
0.21

	
0.19 **

	
0.17 **

	
10–19




	
MCARI

	
0.11 **

	
0.09 **

	
0.11

	
0.10

	
0.09 **

	
0.08 **

	
0.10 **

	
0.11 **

	
0.09 **

	
0.09 **

	
9–18




	
NPCI

	
0.27 **

	
0.30 **

	
0.19 **

	
0.23 **

	
0.22 **

	
0.36 **

	
0.27

	
0.27

	
0.28

	
0.29

	
3–64




	
SRPI 1

	
0.65 **

	
0.55 **

	
0.92 **

	
0.77 **

	
0.71 **

	
0.49 **

	
0.64 **

	
0.62 **

	
0.61 **

	
0.56 **

	
3–31




	
NDNI 1

	
0.20 **

	
0.19 **

	
0.22 **

	
0.22 **

	
0.19 **

	
0.18 **

	
0.19 **

	
0.20 **

	
0.19 **

	
0.18 **

	
5–5




	
CAI

	
−0.01 **

	
0.00 **

	
−0.01

	
−0.01

	
−0.01 **

	
−0.01 **

	
−0.01

	
0.00

	
−0.01 **

	
−0.01 **

	
0–100




	
NPQI

	
−0.06 **

	
−0.07 **

	
−0.01 **

	
−0.02 **

	
−0.03 **

	
−0.05 **

	
−0.06

	
−0.05

	
−0.07

	
−0.07

	
16–100




	
XES

	
0.14

	
0.14

	
0.13

	
0.13

	
0.10 **

	
0.09 **

	
0.13 **

	
0.15 **

	
0.12

	
0.12

	
10–16




	
GI 1

	
1.61 **

	
1.28 **

	
2.40 **

	
1.88 **

	
1.77 **

	
1.36 **

	
1.67 **

	
1.40 **

	
1.49 **

	
1.35 **

	
9–23




	
REPI

	
720.71

	
720.87

	
720.48 **

	
719.94 **

	
721.64 **

	
720.85 **

	
720.71 **

	
720.10 **

	
720.04

	
720.30

	
0.02–0.11










To verify the spectrometric measurements and the vegetation indices calculated on their basis, as well as to check conclusions concerning the degraded state of trampled plants, these values were correlated with bio-radiometric measurements; the results of bio-radiometric correlations for indices such as CCI, ts-ta and fAPAR (Table 4). The highest correlation was observed for chlorophyll content in the Agrostis rupestris and Luzula alpino-pilosa; these species have a wide leaf blade and bright green color, which visually indicates a much higher chlorophyll content. For the trampled species Agrostis rupestris, the chlorophyll value (CCI) correlates with GNDVI to the level of −0.67, indicating that the chlorophyll content has declined due to trampling. However, in the reference buffer, we observed a high relationship (0.71) between the chlorophyll content and GNDVI, which indicates that the amount of chlorophyll has not changed in the plant (Table 4). Overall, species correlation results from the spectrometer and bio-radiometric indices are different depending on the structure of the vegetation.



Table 4. The Spearman correlation remote sensing vegetation indices and bio-radiometric indices (CCI, ts-ta, fAPAR) for all investigated species marked. T, trampled; and R, reference; “-”, no correlate; *, statistical significance at the 0.05 level.







	

	
CCI

	
ts-ta

	
fAPAR






	
Luzula alpino-pilosa T

	
SIPI [0.81] *

	
WBI [0.58] *

	
NPQI [−0.72] *




	
Luzula alpino-pilosa R

	
XES [0.54]

	
GI [0.62] *

	
SAVI [0.49]




	
Festuca picta T

	
-

	
WBI [0.60]

	
mNDVI 705 [−0.83] *




	
Festuca picta R

	
-

	
TCARI [−0.78] *

	
NDII [−0.81] *




	
Juncus trifidus T

	
-

	
WBI [−0.85] *

	
PRI [−0.39]




	
Juncus trifidus R

	
-

	
MCARI [0.42]

	
CRI1 [0.68] *




	
Agrostis rupestris T

	
GNDVI [−0.67]

	
NDNI [−0.58] *

	
NPCI [0.68] *




	
Agrostis rupestris R

	
GNDVI [0.71]

	
NDWI [−0.75] *

	
NDWI [−0.69] *




	
Oreochloa disticha T

	
-

	
NDWI [−0.71]

	
NPQI [−0.72] *




	
Oreochloa disticha R

	
-

	
NDWI [0.49]

	
mNDVI 705 [0.49]










Analysing the community as a whole, a high correlation was observed between the ts-ta and NDWI or WBI—indices describing water in plants. In both the reference and trampled case, the ts-ta index for Oreochloa disticha was highly correlated with NDWI. However, for trampled plants it was −0.71, which means that the water content is lower than in the reference plant, where the correlation value is 0.49 meaning that the value of both indices increases. The highest correlation was observed for Juncus trifidus, in the trampled buffer, where the correlation between the index of ts-ta and WBI reached a value of −0.85; statistically significant at the 0.05 level (Table 4). With an increase in the observed water stress value of the ts-ta index, the value of the WBI decreased, confirming a decreasing water content in the trampled plants. Trampling also influences the use of light within photosynthesis, linking into the functioning of the plant, which has been verified by measurements of the amount of radiation used by photosynthesis. Thus, the fraction of the incoming solar radiation in the Photosynthetically Active Radiation spectral region that is absorbed by a photosynthetic organism, typically describing the light absorption across an integrated plant canopy (fAPAR) was calculated. The fAPAR index for Juncus trifidus in the trampled buffer zone correlated with the PRI (−0.39), which showed that the amount of light used in photosynthesis decreased through trampling (Table 4). NPQI correlated highly with fAPAR for trampled Luzula alpino-pilosa and Oreochloa disticha, which means that a lower chlorophyll, chlorophyll degradation (described by NPQI) is accompanied by a decrease in the use of light for photosynthesis. Both of these indicators (PRI and NPQI) belong to the group of indicators used to assess the amount of light used in photosynthesis.



To determine the actual cell status, caused by trampling, fluorescence measurements were undertaken. The Fv/Fm (with adaptation to darkness) value of fluorescence for trampled species was lowered by about 0.050–0.130 units (Table 5). Some species in the reference buffer had a higher value of Fv/Fm than the same species in the trampled buffer. For example, Luzula alpino-pilosa had an Fv/Fm value of 0.627 in the reference buffer and 0.596 for the trampled, which may indicate a lower efficiency of light absorption related to lower chlorophyll content (Table 5). For the three species Luzula alpino-pilosa, Agrostis rupestris, Festuca picta, the difference between the Fv/Fm value is statistically significant. For Luzula alpino-pilosa, it was also statistically significant (at the p < 0.05 level) compared with the difference between the reference and trampled plants as measured using Mann–Whitney U test. This means that the plant cells of this species are very sensitive to changes caused by trampling, and have a limited capacity for photosynthesis. The agglomeration of the curves was also confirmed by Ward’s method, where this species was the most differentiated between the trampled and reference polygon. The low values of Fv/Fm for leaves adapted to darkness may also be due to the plants’ growth in full sunlight slopes, which initiates the process of photoinhibition.



Table 5. The average fluorescence value for the studied species in the two buffers after adaptation to darkness (*—statistical significance at the 0.05 level).







	
Plant Species

	
Trampled Buffer

	
Reference Buffer




	
Fv/Fm

	
t½ ms

	
Fv/Fm

	
t½ ms






	
Juncus trifidus

	
0.496

	
145

	
0.549

	
173




	
Luzula alpino-pilosa

	
0.596 *

	
116

	
0.627 *

	
79




	
Agrostis rupestris

	
0.471 *

	
113

	
0.597 *

	
113




	
Oreochloa disticha

	
0.520

	
126

	
0.598

	
119




	
Festuca picta

	
0.572 *

	
123

	
0.496 *

	
121










Generally, t½ (in ms) is a function of the photochemical reaction rate and pool size of electron acceptors, including the PQ pool; up to half the time it takes to reach maximum fluorescence. The difference for the investigated species, in the reference and trampled buffer, was low and not statistically significant at the 0.05 level that may indicate that plant cells functions are not disturbed. The observed morphological adaptation in previously studied species also confirmed their biochemical condition is due to their growth in the testing mountainous terrain, with leaf thickness and the number of layers of parenchyma contributing to the process of photosynthesis. To confirm this relationship, values obtained from the fluorometer were correlated to the indices illustrating the various vegetation parameters, such as cellular structures, pigments or water content. Overall, in the study, only those indices that revealed statistically significant differences at a 0.05 level were used.



Fv/Fm for the species Luzula alpino-pilosa in the reference buffer was strictly correlated with WBI (−0.67) that characterizes the water content, while Fv/Fm for the trampled Luzula alpino-pilosa correlates with REPI (0.36; Table 6). In addition, a high correlation is observed between Fv/Fm and GNDVI (Festuca picta), especially for trampled plants, which means that the plants were stressed; trampled plants have also a higher ratio of carotenoids to chlorophyll. The Juncus trifidus in the reference buffer shows the highest correlation with fluorescence indices representing the structure and condition of the plants (e.g., CAI), with values of −0.62, but for the trampled species Juncus trifidus the correlation value of Fv/Fm with GNDVI is −0.66, which means that these plants were stressed.



Table 6. The Spearman correlation of remote sensing vegetation indices and fluorometric indices (Fv/Fm, t½—with adaptation to darkness) for all species marked T (trampled) and R (reference); *, statistical significance at the 0.05 level.







	

	
Fv/Fm

	
t½






	
Luzula alpino-pilosa T

	
REPI [0.36]

	
REPI [0.46]




	
Luzula alpino-pilosa R

	
WBI [−0.67] *

	
PRI [−0.52]




	
Festuca picta T

	
GNDVI [0.83] *

	
SIPI [0.82] *




	
Festuca picta R

	
PRI [0.54]

	
SIPI [0.49]




	
Juncus trifidus T

	
GNDVI [−0.66] *

	
ARI1 [−0.63] *




	
Juncus trifidus R

	
CAI [−0.62]

	
mNDVI705 [0.66] *




	
Agrostis rupestris T

	
TCARI [0.63] *

	
mNDVI705 [0.67] *




	
Agrostis rupestris R

	
mNDVI 705 [0.56]

	
PRI [0.74] *




	
Oreochloa disticha T

	
CAI [−0.77]

	
GNDVI [0.37]




	
Oreochloa disticha R

	
SIPI [0.77]

	
GNDVI [0.75]










The fluorescence index (Fv/Fm) for the species Agrostis rupestris is in most cases positively correlated with remote sensing indices. For this species in the reference buffer, the Fv/Fm fluorescence value correlated with mNDVI705 indices (0.56), while, in the trampled buffer, the Fv/Fm correlated with TCARI indices (0.63). Plants under stress contain higher concentrations of carotenoids, which play a prominent role in protection against stress; this index is a measure of stressed vegetation. This is also reflected in photosynthesis and other processes that occur in a plant, as shown in Table 6, by the values of the fluorescence correlations (statistical significance at the level 0.05) between indices depicting chlorophyll (e.g., mNDVI705, REPI) or those describing the physiological state (e.g., GNDVI, TCARI) and indices determining the amount of light used in the process of photosynthesis (e.g., PRI), water content (e.g., WBI) or stress-related pigments SIPI and CAI (which determine the condition of trampling vegetation).



Trampling interacts in different ways with the studied species, which is visible via a changing reflectance spectrum and then remote sensing indicators. Changes caused by trampling mostly affect the spectral absorption bands related to pigments and water content. Moreover, the changes are also reflected in the values of Fv/Fm, which show different adaptation of the photosynthetic apparatus of each species.



Differences in the condition of species allow us to state clearly that the species are more or less resistant to trampling in this area. Luzula alpino-pilosa in the reference range differs most from the others, although together with the Juncus trifidus species belong to one family, their spectral characteristics are varied. Luzula alpino-pilosa also displays the largest statistically significant differences between the reference and trampled polygons. In addition, the remaining species in the reference polygons, presented in the studies, group in terms of spectral similarity into two groups. Looking at the species in reference polygons, we have the similarity of Festuca picta and Agrostis rupestris as well as Oreochloa disticha and Juncus trifidus. However, when it comes to differences between two types of polygons within the studied species, we can rank the tested species from those that showed the smallest differences to those that showed the greatest differences: Oreochloa disticha, Juncus trifidus, Agrostis rupestris, Festuca picta, and Luzula alpino-pilosa. Overall, all species threatened by trampling have a worse condition by about 10–30%, taking into account all the statistically significant analyzed indicators.




5. Discussion


Interspecific differences were most visible in the near-infrared range, which relates to cellular structures. Luzula alpino-pilosa and Festuca picta had the highest reflectances (about 0.80), while lower reflectances (of about 0.10–0.20) were measured for the remaining species tested. The largest differences between the species were in the spectral ranges describing chlorophyll content (621–693 nm), cellular structures (1360–1372 and 1409–1529 nm), and water content (1829–1835, 1845–1862, 1879–2145, 2348–2465, and 2491–2500 nm). The above ranges were also used by Ruban et al. [62], Gitelson et al. [58,59], Agapiou et al. [63] and et al. Fourty et al. [55] to evaluate vegetation changes. The most commonly used for water content and water stress are 950–970, 1150–1260, and 1520–1540 nm [47,64]. This type of analysis leads to the identification and grouping of species with similar characteristics, and hyperspectral imagery can be used to classify the species condition.



Hyperspectral research on the classification of highland grassland species in the Tatra National Park was initiated by Sobczak et al. [65] who measured spectral reflectance in the field, and Zagajewski [66] who classified hyperspectral airborne imagery. Sobczak [65] showed that spectral reflectance intraspecific differences for both Juncus trifidus and Luzula alpino-pilosa are linked to visual differences (e.g., leaf blade construction), and are an adaptation linked to excessive radiation (change in carotenoid to chlorophyll ratio). The greatest differences between species were in the range 500–650 nm, 700–1900 nm, and 2100–2450 nm [65]. In this article, the ranges are related to the chlorophyll (621–693 nm) and cell structure (1360–1372, 1409–1529 nm) alongside the water, dry matter content and plant building substances such as protein and nitrogen (1829–1835, 1845–1862, 1879–2145, 2348–2465, and 2491–2500 nm). Svalbard’ species are characterised by similar ranges; in this analysis, the most significant ranges were 446–506 nm (respectively, for the Polar plant species: 448–499 nm), 623–695 (Polar: 682–699 nm) and 1801–2500 (Polar: 1801–2399 nm) [67]. Even though the information obtained from the airborne (hyperspectral) images confirmed the dependence, interspecific differences were based on ground-based methods.



Zarco-Tejada et al. [68] conducted fieldwork on vineyards using hyperspectral data (CASI, ROSIS, DAIS-7915, terrestrial spectrometer) and bio-radiometric measurements (LAI). Estimates were made of chlorophyll a and b, carotenoids and the state of the vine. The authors determined that one of the best indications (R2 = 0.50) was the variability of the chlorophyll to carotenoid using the SIPI and PRI ratios, while the chlorophyll content is best correlated (R2 of around 0.80–0.90) with other vegetation indices such MCARI, TCARI, MCARI/OSAVI, and TCARI/OSAVI35 [67].



Kycko [35] noted that statistically significant changes in the spectral characteristics of species (significance level α = 0.05, α = 0.01, α = 0.001) were mainly represented in the spectral range of the plant pigments and water content. The bio-radiometric measurements, chlorophyll measurement (CCI) and fAPAR confirmed the information obtained from the spectrometer, with remote sensing indicators also used [32]. Kycko et al. [32] identified three groups of indicators (broadband greenness, narrowband greenness, and canopy water content groups) that were at a statistically significant level (α = 0.001) and represented changes over 70% for all the species measurements. The indicators for the given groups were: NDVI and ARVI; mSR705 and mNDVI705; WBI, NDWI and NDII; and ARVI, WBI and NDWI.



Overall, this study confirmed that vegetation condition may decline in response to many biotic and abiotic factors, e.g., alpine swards exposed to full sunlight, insufficient water supply and high temperatures alongside excessive tourist traffic. One of the stress factors is trampling, which leads to changes in some species, with remote sensing vegetation indices reflecting damaged structures and lower level of physiological processes.



The varied construction of each of the species studied and adaption to the area is reflected in the results of the spectrometry, bio-radiometry and fluorescence measurements. Changes caused by trampling are reflected in the vegetation’s status, lower spatial coverage, lower plant height, decreased biomass, changes in the typical species composition, relative changes in cover classes and displacement of species [69,70,71,72,73]. Cole [12] found that plant morphology was more significant than site characteristics (altitude, overstory canopy cover and total vegetation cover) in determining the response of vegetation to trampling. The same conclusion was reached by Sun and Liddle [74], who showed that plant height and morphological structure appear to be strongly associated with resistance to trampling. As a result, some alpine vegetation types may be significantly more resistant than sub-alpine and low-elevation types, due to the larger proportion of turf-forming graminoids [75,76]. However, Bell and Bliss [77] concluded that the other alpine vegetation types are less resistant, so studies show a diverse resistance to trampling amongst species. In this research, all species in the Czerwone Wierchy Peaks showed a statistically significant (p < 0.05) change between trampled and reference plants, which was visible in the reflectance spectrum curves.



However, vegetation can rebuild its structure and so in most cases (if trampling is not to a very high degree e.g., devastation of sites) recovery can occur, but alpine vegetation recovers much more slowly than vegetation in lower altitude areas [78,79]. The conducted research showed variable species resistance to trampling—a similar relationship to that shown by Dumitrascu [80], who emphasize that habitat characteristics affect the state of trampled plants. Species react differently to stress and this is dependent on their morphology, anatomy and state of development at any given moment. In Dumitrascu [80] changes were observed in the chlorophyll concentration within the leaves, revealing, respectively, a decrease or increase in the visible range reflectance around 700 nm [81]. A similar situation can be seen in this study, where the stress caused by excessive trampling is visible in the same wavelength range indicating chlorophyll, as evidenced by the remote sensing of vegetation indicators such as SRPI, that the difference between trampled and reference plants is about 0.10–0.20. Moreover, these changes are statistically significant at the p < 0.05 level for all species studied [82].



When plants are exposed to abiotic and biotic stress in high light conditions, decreases in Fv/Fm are frequently observed [83]. The optimum range is 0.79–0.84, but this varies [84]; a lower value is seen when the plant has been exposed to stress, indicating photoinhibition [85]. The Fv/Fm parameter appears to be relatively insensitive to severe water limitation but could be used to differentiate between responses at cold temperatures. High light intensity is observed in the mountains, thus Fv/Fm values obtained in this study range between 0.471 and 0.627. Kalaji [28] observed that heat stress significantly prolonged the time to achieve maximum fluorescence (TFM)—190% compared to controls—and increased the reduction of QA from 0 to TFM (N) by 230% compared to control plants. In the present study, a decrease in half-time (t½) between the trampling and the reference plant was not observed [86], which may suggest that, despite the small difference in Fv/Fm values, reaction centers are not disrupted and photochemical processes in the studied plant species work well. Therefore, we can conclude that temperature is not an important stress factor for alpine swards, where plants are well adapted to adverse environmental conditions [87]. Literature data suggest that most of the stresses affecting the photosynthetic apparatus reduce the Fv/Fm ratio, while some authors suggest constant values are measured during drought conditions [88,89,90].



The high correlation index of Fv/Fm with indicators from the group describing the use of light within the photosynthetic process (PRI, NPQI) allows for long-term monitoring of vegetation. One example is the research of Tan et al. [91] where, when determining damage to corn, the SIPI index was used and was highly correlated to Fv/Fm (R = 0.88). In this study, the SIPI correlated highly with Fv/Fm (R = 0.77) for Oreochloa disticha and PRI correlated with Fv/Fm (R = 0.54) for Festuca picta indicating changes in the reference vegetation that included higher energy consumption. GNDVI, defined as a modification and improvement of the NDVI index for highlighting the physiological properties of plants [92], showed a high correlation with CCI, e.g., for Agrists rupestris is was 0.71, which showed good development in the reference vegetation compared to the disturbed state of trampled vegetation. Fv/Fm had a high correlation with the indices, indicating the amount of chlorophyll and use of light for photosynthesis. For example, for the reference samples of Oreochloa disticha, the Fv/Fm ratio correlates at 0.77 with the SIPI index, while for the same species threatened by trampling, we have the opposite (negative) correlation. The best vegetation indices, which were statistically significant for the analyses, were NDVI, mNDVI, NDVI705, mSR705, ARVI, EVI, WBI, NDWI and NDII.



Replanting of the vegetation is possible, although very labor intensive [93]. In addition, the impact of informal trails can be particularly problematic, because subalpine and alpine plant communities on mountain summits are typically fragile, spatially restricted and rare [94,95]. Therefore, through the analysis of the vegetation state and information about fluorescence, we are able to closely monitor and evaluate plant species exposed to environmental stress before external signals (yellowing or browning of leaves) are visible. Such monitoring of vegetation state allows earlier prevention of the destruction of a species in valuable natural areas such as, amongst others, national parks [96,97].




6. Conclusions


High grassland dominant species, such as alpine vegetation, are characterized by a set of unique properties that can be measured with hyperspectral sensors and confirmed by fluorescence measurements. The most important are plant pigments (including their relative concentrations), protective elements, e.g., the shape and structure of leaves, or waxy cover. The analysis captured the impact of both biotic and abiotic factors on the species, thus reflecting the actual condition of the vegetation. Trampling disintegrates the plant canopy, causing higher transmission of solar radiation and changes in water-temperature relationships (increases in soil temperature and transpiration). Therefore, it is valuable to monitor plant condition, especially in areas often visited by tourists.



The applied methods, which combine spectral characteristics and vegetation indices containing information on fluorescence, allow for a detailed analysis. The hyperspectral measurements confirmed statistically significant differences between trampled and reference plants. The changes were observed in chlorophyll absorption, cell structures and water content; the observations were confirmed by chlorophyll content, fluorescence and the ts-ta temperature index. The fluorescence ratio (Fv/Fm) was used to evaluate the efficiency of chlorophyll in the photosynthetic process. The use of statistical correlation allowed the impact of heavy tourist traffic on the selected species to be determined, including the variable response; important for the protection of valuable natural areas. It is possible to determine which species exhibited the largest/smallest indicator variation, which, ranked from smallest to largest, are Oreochloa disticha, Juncus trifidus, Agrostis rupestris, Festuca picta, and Luzula alpino-pilosa. The largest percentage of variation detected for Luzula alpino-pilosa is related to the broad leaf blades of the plant, their thickness and size. On the other hand, Oreochlo disticha has harder leaves and stems, which translates into a lower percentage (52%) of change caused by trampling. Therefore, the morphology and physiology of plants is important not only for their adaptation to living in the mountainous terrain but also for the impact of trampling. The use of hyperspectral data confirms the rich information available for vegetation state, especially vegetation endangered by trampling, but also confirms fluorescence measurements as an indicator for describing the actual state of the pigments and cell structures.



With the rapid development of remote sensing technology, newer remote and non-invasive methods for measuring chlorophyll fluorescence are being developed; for example, the Fluorescence Explorer (FLEX) satellite mission due to launch in 2022. However, FLEX is planned to have a spatial resolution of 300 m, which is insufficient for biodiversity testing and assessment of species condition, but can be useful for analyzing larger plant communities or preserving whole areas of the landscape. Hyperspectral analysis, using airborne or UAV data, seems to be more appropriate for smaller areas.
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