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16 Abstract: This research focuses on the effect of trampling on vegetation in high-mountain
17 ecosystems through the electromagnetic spectrum’s interaction with plant pigments, cell structure,
18 water content and other substances that have a direct impact on leaf properties. The most heavily
19 visited part of the High Tatras in Poland was divided into polygons and, after selecting the
20 dominant species within alpine swards, a detailed analysis of trampled and reference patterns was
21 performed. An ASD FieldSpec 3 was used to acquire high-resolution spectral properties of plants,
22 their fluorescence and the leaf chlorophyll content with the ts-ta temperature index and fraction of
23 accumulated radiation in the range of photosynthesis (fAPAR) used as reference data. The results
24 show that, along tourist trails, vegetation adapts to trampling with the impact depending on the
25 species. A lower chlorophyll value was confirmed by a decrease in fluorescence, and the state of
26 cellular structures was degraded in trampled compared to reference species, with a lower leaf
27 reflectance. Also, at the extreme, trampling can eliminate certain species such as Luzula

28 alpino-pilosa.
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32  1.Introduction

33 Low intensity anthropopression may increase plant resistance and defensive physiological
34  adaptations, and at higher intensities it damages fragile biosphere cover. Mountain plants have
35  developed specific adaptations to survive at the fringe of life (pigment content, plant tissue
36 structure, leaf wax covers, etc.) that have a direct impact on reflectance, which can be quantified
37  using hyperspectral techniques.

38 Remote sensing methods allow identification of plants and vegetation communities in
39  mountains [1,2] and mapping or monitoring of vegetation can be carried out using various sensors
40  [3-5]. Non-invasive remote sensing methods may be accomplished by assessing the spectral
41  reflectance curve, fluorescence and vegetation indicators [6]. The spectral reflectance curve depends
42 on how the substances, which make up the object, absorb and scatter radiation originating from
43 different parts of the electromagnetic spectrum [7]; the reflectance depends on the state of cell
44 structure, chlorophyll content and the content of other parameters such as quantity of water in the
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45 cell [8]. Exploring the mechanism(s) of stress resistance within a plant’s assimilation apparatus will
46  therefore allow the identification of stressed species [9-11].

47 Mountain vegetation grows under adverse environmental conditions, which leads to the
48  development of specific adaptations [12]. The vulnerability of vegetation to trampling damage is
49  expressed by three indices: resistance (ability of vegetation to resist change when trampled),
50  resilience (ability of vegetation to recover following the cessation of trampling) and tolerance (ability
51  of vegetation to tolerate a cycle of disturbance and recovery) [13]. Reductions in cover or abundance
52 of vascular plants have repeatedly been shown to be a response to trampling, and several studies
53 show decreases in shrub cover [14-19]. Several mechanical traits, including leaf toughness, root
54  strength and stem flexibility have also been observed to play a key role [20-25]. Studies have also
55  showed that even trampling-resistant species that grow well, and some which are very sensitive
56  [26-27], are constrained by the packed earth of trampled land that’s a barrier to germination and thus
57  plant regeneration [28]; soil bulk density of trampled and untrampled soils increases with increasing
58  exposure [29].

59 An application on Cadillac Mountain [30] used single-spectral high-resolution remote sensing
60  datasets captured in 1979, 2001, and 2007, and applied pre-classification change detection analysis
61  techniques in order to measure temporal fractional vegetation cover changes. The overall study
62  suggested a trend in the desired direction for the site, and visitor management strategies were
63  designed to reduce vegetation impact and enhance vegetation recovery. However, the recovery
64  since 2000 was rather minimal and did not reach the level of cover observed during 1979. This may
65  be because summit-wide vegetation changes were detected rather than changes along specific trails,
66  at specific recreation sites or at the plant-growth form level. Therefore, the use of remote sensing
67  techniques and fluorimetry can provide an accurate and precise determination of changes in
68  trampled alpine swards with spectrometric measurements and remote sensing vegetation indices
69  allowing information to be transferred from the ground to satellite level. However, both spectral and
70 spatial resolution are key if the remote monitoring of alpine swards is going to provide a full
71 understanding of the processes.

72 The Tatra environment is constantly monitored both by the employees of the TPN (Tatra
73 National Park) and by scientists from research centres across Poland [31-34]. Vegetation was
74  investigated around the Kasprowy Wierch mountain, with research focused on changes caused by
75  tourism [35]. Past analyses have shown that processes of erosion and denudation are present on and
76 around the trails, in addition to changes in plant cover — plants in the vicinity of the trail are beaten
77 e, they are indicators of anthropopressure. Plants resistant to trampling included Agrostis rupestris
78  and Festuca airoides [36] that grow in sward habitats near the trails; the synanthropic species Plantago
79 major and Urtica dioica [35] were also present.

80 In her study, Jakomulska [37] used laboratory testing methods, based on plant physiology, to
81  mark photosynthetically active pigment content, measure transpiration and estimate the water
82  content. The diversified construction of each of the studied species, and its adaptation, are reflected
&3 in the results of spectrometric, bio-radiometric and fluorescence measurements. The highest content
84  of carotenoids (28% of the pigment in the leaves of a species) was found for Juncus trifidus, compared
85  with the species Luzula spadicea that had an 18% share of carotenoids in its leaves. Juncus trifidus is
86  found on the top shelf of rock, and exposed to excessive sunlight, so had high carotenoid values that
87  exceeded the optimum range; for example, the Carotenoid Reflectance Index 2 (CRI2) had a value of
88  more than 12.75 compared to the optimal range of 1-12. The chlorophyll content of Juncus trifidus is
89  from 0.5 to 0.9 mg per 1 g dry weight. In the late stage of development, the chlorophyll value
90  decreases relative to carotenoids; the chlorophyll-to-carotenoid ratio in the middle stage of
91  development is 3.9:1, while in the late stage of development it is 2.6:1. The greatest amount of
92 chlorophyll (1.6-2.5 mg per 1 g dry weight) was recorded for Luzula spadicea. In contrast, tissue
93 hydration for Luzula spadicea (78.9% water in the tissues) is higher than that for Juncus trifidus (71.3%
94 water in the tissues) [37].

95 Measurement of chlorophyll fluorescence provides a useful probe of photosynthetic
96  performance in vivo and the extent to which performance is limited by photochemical and
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97  non-photochemical processes. Coupling fluorescence measurements with other non-invasive

98  techniques such as gas exchange, thermal imaging and absorption spectroscopy can provide insights

99  into stress conditions before visible external symptoms such as wilting, necrosis and chlorosis are
100 present [38-40]. The use of fluorescence determines the actual damage of cellular structures, which is
101 reflected in the amounts of light-related reaction products in the plant [9,41]. The parameters that
102  determine the photosynthetic efficiency and state of photosynthetic apparatus are the maximum
103 quantum efficiency of photosystem II (PSII) photochemistry (Fv/Fm where Fm, maximal
104 fluorescence; Fv, variable fluorescence equals Fm-Fo; Fo, minimal fluorescence) and t"2 (half rise
105  time from Fo to Fm, which indicates the size of antenna systems). The excitation energy transfer
106  between the chlorophyll compounds reach about 100%, while between chlorophyll and carotenoid it
107  is much smaller [42]. Fv/Fm describes the photochemical efficiency of PSII, i.e. the structure most
108 sensitive to stress factors. Stress induced decreases in stomatal conductance, carbon metabolism, and
109 transport processes can all decrease PSII efficiency because the quantum yield for PSII fluorescence
110 depends fundamentally on the use and dissipation of excitation energy [43]. Fv/Fm represents the
I11  maximum potential quantum efficiency of PSII if all capable reaction centers were opened, and so a
112 value from 0.79 to 0.84 is the optimal value for many plant species, with lower values indicating
113 plant stress [44,45]. In plants adapted to the darkness, the electron transport chain is not active;
114 whereas in the light, all chlorophyll molecules are fully activated and transfers light energy to a reaction
115  center. Therefore both Fv/Fm and tV2 may be measured when the vegetation is adapted to darkness or
116  measured without adaptation to darkness, when the names are changed to Fv'/Fm' and t%' [46].
117 The aim of this study was to find suitable methods for indicating the impact of trampling on
118  alpine swards. We wanted to answer the question, what kind of changes occur in plants subjected to
119  trampling, when species are in natural environment? Which parts of the electromagnetic spectrum
120 show the greatest changes during trampling? Do these changes affect pigment contents and cellular
121 structures or do they occur in the morphology of the plant, and will be also visible in the function of
122 the photosynthetic apparatus? In addition, the selected major species of alpine swards were
123 evaluated for resistance to trampling.

124 2. Study area and research objects

125 The Tatra test site is located within the Man & Biosphere Reserve, encompassing alpine and
126  subalpine zones of the Polish and Slovak Tatra National Park (TPN and TANAP). The area extends
127 across the rectangle: 49°10°30” to 49°16’00”’N and 19°45'30” to 20°07’30"E, covering approximately
128 110 km2. The study area is located at an altitude range of 1500-2300 m above sea level (a.s.l). Due to
129 technical limitations, only the most visited the Czerwone Wierchy mountain (in the Western Tatras)
130 of the Polish Tatra Mountains was investigated.

131 The core of the massif is made up of sedimentary rocks (limestone and dolomites of the Middle
132 Triassic), and the tops are covered with a mantle of crystalline rocks (granites and gneisses). The
133 Czerwone Wierchy name comes from the red-brown color of the slopes, which comes from a plant
134 called Juncus trifidus that fades to red in the autumn; and often as early as mid-summer. The altitude
135  also results in the occurrence of Oreochloa disticha and Festuca picta. Due to the varied geological
136  substrate very diverse vegetation is present, e.g. both the aforementioned plants that grow on
137  calciphilous and acidophilic soil. Therefore, alpine swards are an excellent example of communities
138 susceptible to change [47]. The research conducted so far [46] has revealed that species react
139 differently to stress factors, depending on their morphology and the type of the cellular structures.
140 The study was conducted in August 2013, in the Czerwone Wierchy massif. On the basis of
141  experience and previously conducted research, species were selected to provide the greatest
142 percentage of high-altitude communities [48]. After consultation with field scientists of
143 phytosociology, and selection with a map of the main vegetation species in this area, the following
144 species were selected: Juncus trifidus, Agrostis rupestris, Luzula alpino-pilosa, Oreochloa disticha, and
145 Festuca picta. Trails are frequently visited by tourists, as evidenced by large-scale destruction by the
146  tourist infrastructure (Figure 1). In 2014, TPN began revitalization of the area and reconstruction of
147  routes and their surrounding areas in order to reduce the impact of tourist traffic both in activating
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148  erosion processes and in trampling vegetation, and also in order to enable regeneration of damaged
149 vegetation (Project co-financed by the European Union under the European Regional Development
150  Fund nr POIS.05.01.00-00-398/12 Tatra National Park — Reduction of the tourist pressure on habitats
151  and species in the area of NATURA 2000 PLC 120001 Tatra).

152

153

154 Figure 1. Photo of the trail running from the mountain pass under the Kopa Kondracka

155 3. Materials and Methods

156 In the study area an ASD FieldSpec 3 spectrometer with ASD Plant Probe was used, operating
157  in the range 350-2500 nm. Measurements were performed for selected species on test sites within 5
158  of the trails (for species threatened by trampling) and reference measurements were taken (more
159  than 5 m from the trail, where no trampling effects were observed); the distance was dependent on
160  the intensity of hiking and mountain slopes. Each of the 16 polygons covers all investigated species
161 (Juncus trifidus, Agrostis rupestris, Luzula alpino-pilosa, Oreochloa disticha, Festuca picta), which were
162 examined 250 times at every training site (Fig. 2). Additionally, bio-radiometric measurements were
163 performed for:

164 o the fraction of accumulated radiation in the range of photosynthesis - Absorbed

165 Photosynthetically Active Radiation (APAR) [49] that is the total radiation used by the
166 vegetation for photosynthesis, measured using an AccuPAR linear ceptometer;

167 o  the temperature index ts-ta, is the difference between ts — the plant surface temperature, and ta
168 — the air temperature, and defines evapotranspiration and water stress (pyrometer
169 iRtecMiniRay);

170 e  chlorophyll content in leaves — Chlorophyll Content Meter (CCM-200);

171 e  chlorophyll fluorescence;

172 e all polygons were located by a Trimble GeoXT GPS.

173 In all polygons fluorescence measurements were performed on all sward species, using a Plant
174 Stress Meter (PSM Mark II) fluorometer for analysis of the actual state of the photosynthetic
175  apparatus; fluorescence measurements were made on the leaves adapted to darkness (Fv/Fm) and in
176  the light period (Fv'/Fm'); in addition, the half-time (t¥2) was measured.

177 The results of the spectrometric, bio-radiometric and fluorescence measurements were
178  compiled. The spectral curves for each alpine sward species were analysed using ANOVA, with the
179  spectral characteristics of trampled and reference vegetation used to verify that the spectral range
180  shows the biggest difference in pigments, cellular structures or water content. The result was the
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181  electromagnetic spectrum band which, at the assumed significance level of 0.05, represented the
182  impact of trampling on the vegetation and presented the specific characteristics and parameters that
183 are changed in the studied species due to this stress factor.

19°5330"E 19°54'0°E 19°54'30"E 19°550"E 19°55'30"E 19°56'0"E 19°56'30°E 19°570°E
— ! : s
. E 2 e ]
=] z
] =]
T L5
@ -
= &
-
z
8 Z
= A
o =
@ -
A &
=
z
o
3
& B
-
O measurement polygons
trails
illegal trails
z
= buffer 10 m z
He (=]
T buffer 5 m I K
ez -
T trampled area 0 200 400 800m | &
Lt Ll
* — ] L) T I J T

185 19°53'30"E 19°54'0°E 19°54'30"E 19°550°E 19°55'30°E 19°56'0°E 19°56'30"E 19°57'0"E

186 Figure 2 — Test sites in the Czerwone Wierchy research area

187 On the basis of the spectral characteristics of the tested species’, vegetation indices were

188  calculated; mathematical relationships between spectral reflectance values in narrow, well-defined
189  ranges allow more accurate analysis of vegetation parameters. Selected statistical tests were
190  performed to: check if the data distribution was normal, Shapiro-Wilk test; to check equality of
191  variance, Levene's test; identify changes between trampled vegetation and reference vegetation,
192  ANOVA analysis of variance or Kruskal-Wallis one-way analysis of variance; check spectrometric
193 measurements’ correlation with bio-radiometry and fluorescence using Pearson or Spearman tests
194 for data correlation. All measurements of vegetation indices had a nonparametric distribution, and
195  therefore, in order to find statistically significant (p<0.05 level) indicators showing the differences
196  between the trampled and the reference plant, Kruskal-Wallis one-way analysis of variance was
197  used. Based on previous research [46,48] the choice of indicators was also based on statistically
198  significant ranges of the spectrum for the analyzed species. Then, remote sensing vegetation indices
199  were selected and calculated; designed to provide a measure of the overall quantity and quality of
200  the photosynthetic material in plants, which is necessary for understanding the state of vegetation:

201 e Wide Dynamic Range Vegetation Index (WDRVI) [50], Soil-Adjusted Vegetation Index (SAVI)

202 [51], Green Normalized Difference Vegetation Index (Green NDVI) [52], Greenness Index (G)
203 [53], Red Edge Position Index (REPI) [54],

204 e Modified Normalized Difference Vegetation Index 705 (mNDVI7Z05) [55], Transformed
205 Chlorophyll Absorption Reflectance Index (TCARI) [56], Modified Chlorophyll Absorption
206 Ratio Index (MCARI) [57], Normalized Pigment Chlorophyll Index (NPCI) [58], Simple Ratio

207 Pigment Index (SRPI) [59], Normalized Phaeophytinization Index (NPQI) [60],
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208 e Photochemical Reflectance Index (PRI) [61], Structure Insensitive Pigment Index (SIPI) [59],
209 Xanthophyll Epoxidation State (XES) [62],

210 e Normalized Difference Nitrogen Index (NDNI) [63],

211 e Normalized Difference Lignin Index (NDLI) [63],

212 e Plant Senescence Reflectance Index (PSRI) [64], Cellulose Absorption Index (CAI) [65]

213 e  Carotenoid Reflectance Index 2 (CRI 2) [66], Carotenoid Reflectance Index 2 (CRI2) [66],

214 Anthocyanin Reflectance Index 1 (ARI 1) [67], Anthocyanin Reflectance Index 2 (ARI 2) [67],
215 e  Moisture Stress Index (MSI) [68], Normalized Difference Infrared Index (NDII) [69], Water Band
216 Index (WBI) [58], Normalized Difference Water Index (NDWI) [70].

217 The next step was statistical analysis (Kruskal-Wallis one-way analysis of variance) of these

218  remote sensing vegetation indices, to see which indices show statistically significant changes (level
219  p<0.05) in reaction to trampling compared to reference buffer measurements for all investigated
220  species. Then, in cases of statistical significance (at the level p<0.05) for changes caused by trampling,
221  parameters were analysed using bio-radiometric measurements and fluorescence. For this purpose
222 the remote sensing vegetation indices (statistically significant at the p<0.05 level) were correlated
223 (using Spearman correlation because the data don't have normal distribution) with bio-radiometric
224  indices. This correlation was used to verify the same information obtained from the spectrometer.
225  Meanwhile, the Spearman correlation between remote sensing vegetation indices and measurements
226  of fluorescence (Fv/Fm and t%; Fv'/Fm' and t%4') was used to verify that changes are genuinely
227  caused by trampling and relate to cell damage and disorders in the photosynthetic process.

228 4. Results

229 After analyzing statistical tests, all the species studied showed statistically significant changes
230  at the 0.05 level (Fig. 3-4). Confirmation of changes between trampled vegetation and the reference
231  vegetation is visible in both wavelength ranges corresponding to amount of pigments (especially
232 chlorophyll), cellular structures (red edge), and the narrow ranges describing the contents of water
233 (Fig. 3-4). All species showed different ranges of the electromagnetic spectrum as important, when
234 looking for the signature of trampled vegetation, but there is also a common spectral range that is
235  related to the chlorophyll and water content in the vegetation (Fig. 4); additionally, uncovered soil
236  causes increased transpiration and dryness of vegetation around the trail, as evidenced by the
237  decrease in water content for the species in the buffer. Overall, these changes describe the status of
238  vegetation translated across in the remote sensing vegetation indices.
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248 Figure 4 - Effect of the trampling on plant parameters measured in different ranges of the
249 electromagnetic spectrum (350 - 2500 nm). Statistical significance is at a level of 0.05.
250 To confirm the variation in stress status and contents of individual parameters (e.g.,

251  chlorophyll, water) remote sensing indices from the spectral curve were calculated and combined
252  into groups that described specific features, i.e. condition and structure, chlorophyll content,
253  nitrogen content, the amount of light used in the process of photosynthesis, and the water content.
254  For the studied species, calculated values are significantly different (Tab. 1). WDRVI shows a
255  statistically significant decline in the value for trampled plants in the range of 0.03-0.07. There was
256  also a decrease in chlorophyll content, e.g. NPCI decreases by approximately 0.03-0.14. The nitrogen
257  content varies between buffers by approximately 0.01-0.04. The amount of water also decreases, as
258  shown by MSI and NDII, whose value for the trampled species decreases by approximately
259  0.05-0.11. There are also statistically significant changes that depend on the species; different
260  reactions to trampling.
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261 Table 1 - Remote sensing vegetation indices for the species showing statistically significant changes
262 at the level of 0.05 (AR — Agrostis rupestris; LAP — Luzula alpino-pilosa; JT — Juncus trifidus; FP — Festuca
263 picta; OD — Oreochloa disticha; T — trampled; R — reference; * — statistical significance at the 0.05 level).

AR R ART LAPR LAPT JTR JI.T FPR FPT ODR ODT

mNDVI
705
PRI -0.03* -0.04* -0.02* -0.03* -0.03* -0.08* -0.03 -0.04 -0.03 -0.04
SIPI 1.08* 1.14* 1.01* 1.04* 1.04* 1.11% 1.07* 1.10*  1.08* 1.11*
NDLI 0.06*  0.05* 0.06 0.06 0.05* 0.05* 0.06* 0.06* 0.05 0.05
PSRI 0.05*  0.08*  0.00* 0.03* 0.03* 0.08* 0.04* 0.06*  0.05* 0.06*
CRI1 5.25%  3.94*  8.15* 5.80* 7.33* 8.96* 6.43* 4.02* 5.37 4.76
CRI2 6.20* 5.15% 9.35 7.12 8.26* 12.05*  7.41* 5.20* 6.80 6.07
ARI1 0.95* 1.21* 1.21* 1.32*% 0.92* 3.09* 0.97* 1.17* 1.43 1.31
ARI2 0.50*  0.69*  0.48* 0.74* 0.55* 1.42% 0.52* 0.64* 0.73 0.68
MSI 0.60*  0.69*  0.51% 0.59* 0.51* 0.62* 0.57* 0.63*  0.59* 0.66*
NDII 0.21* 0.15*  0.28* 0.22* 0.28* 0.20* 0.23* 0.18*  0.21* 0.16*
WBI 1.02*  1.00*  1.04* 1.02* 1.04* 1.01* 1.02* 1.01*  1.02* 1.01*
NDWI  0.02* -0.01* 0.04* 0.01* 0.05* 0.00* 0.02* 0.00*  0.01* 0.00*
SAVI 0.62* 0.55*  0.72% 0.67* 0.68* 0.60* 0.62* 0.58*  0.59* 0.56*
WRDVI 0.69* 0.62* 0.79* 0.74* 0.77* 0.71* 0.70* 0.64*  0.68* 0.65*
Green
NDVI
TCARI  0.21* 0.17*  0.28* 0.25* 0.18* 0.15* 0.21 0.21 0.19* 0.17*
MCARI  0.11*  0.09* 0.11 0.10 0.09* 0.08* 0.10* 0.11*  0.09* 0.09*
NPCI 0.27*  0.30*  0.19* 0.23* 0.22* 0.36* 0.27 0.27 0.28 0.29
SRPI 0.65* 0.55*  0.92% 0.77* 0.71* 0.49* 0.64* 0.62*  0.61* 0.56*
NDNI 0.20*  0.19*  0.22* 0.22* 0.19* 0.18* 0.19* 0.20*  0.19* 0.18*
CAI -0.01*  0.00* -0.01 -0.01 -0.01*  -0.01* -0.01 0.00  -0.01* -0.01*
NPQI  -0.06* -0.07* -0.01* -0.02* -0.03* -0.05* -0.06 -0.05 -0.07  -0.07
XES 0.14 0.14 0.13 0.13 0.10* 0.09* 0.13* 0.15* 0.12 0.12
G 1.61* 1.28%  2.40* 1.88* 1.77* 1.36* 1.67* 1.40*  1.49* 1.35*
REPI 720.71 720.87 720.48* 719.94* 721.64* 720.85* 720.71* 720.10* 720.04 720.30

0.52* 047*  0.58* 0.53* 0.61* 0.50* 0.52* 0.47* 0.50 0.49

0.59* 0.56*  0.65* 0.63* 0.67 0.66 0.60* 0.56* 0.60 0.58

264

265 To verify the spectrometric measurements and the vegetation indices calculated on their basis,
266  as well as to check conclusions concerning the degraded state of trampled plants, these values were
267  correlated with bio-radiometric measurements. Table 2 shows the results of bio-radiometric
268  correlation for indices such as CCI, ts-ta and fAPAR. The highest correlation was observed for
269  chlorophyll content in the Agrostis rupestris and Luzula alpino-pilosa. For the trampled species Agrostis
270  rupestris, the chlorophyll value correlates with GNDVI to the level of -0.67, with this value
271  indicating that the chlorophyll content has declined due to trampling. However, in the reference
272 buffer we observe a high relationship (0.71) between the values of chlorophyll content and GNDVI,
273 which indicates that the amount of chlorophyll has not changed in the plant (Tab. 2). Overall, species
274  correlation results from the spectrometer and bio-radiometric indices are different depending on the
275  structure of vegetation.

276 Analyzing the community as a whole, a high correlation is observed between the ts-ta and
277  NDWI or WBI - indices describing water in plants. In both the reference and trampled case, the ts-ta
278  index for Oreochloa disticha is highly correlated with NDWI, but for trampled plants it is -0.71, which
279  means that the water content is lower than in the reference plant, where the correlation value is 0.49
280  meaning that the value of both indices increases. The highest correlation was observed for Juncus
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281  trifidus in the trampled buffer where the correlation between the index of ts-ta and WBI reached a
282 value of -0.85; statistically significant at the 0.05 level (Tab. 2). With an increase in the observed water
283 stress value of the ts-ta index, the value of the WBI decreases, confirming a decreasing water content
284  in the trampled plant.

285 Table 2 — The Spearman correlation remote sensing vegetation indices and bio-radiometric indices
286 (CC, ts-ta, fAPAR) for all investigated species marked T — trampled and R - reference; '-' — no
287 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] G [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 - NDWTI [0.49] mNDVI 705 [0.49]
288
289 Trampling also influences the use of light within photosynthesis, linking into the functioning of

290  the plant, which has been verified by measurements of the amount of radiation used by
291  photosynthesis. Thus, the light use efficiency coefficient (APAR) was calculated. The fAPAR index
292 for Juncus trifidus in the trampled buffer zone correlated with the PRI (-0.39), which showed that the
293  amount of light used in photosynthesis decreased through trampling (Tab. 2). NPQI correlated
294 highly with fAPAR for trampled Luzula alpino-pilosa and Oreochloa disticha, which means that a lower
295  chlorophyll and plant stress (described by NPQI) is accompanied by a decrease in the photosynthetic
296  use of light.

297 To determine the actual cell status caused by trampling, fluorescence measurements were
298  performed. A very constant value for Fv/Fm of 0.780-0.865 [71], was found for healthy leaves of a
299  very wide variety of species (after darkness or for the night-time period), while stress due to disease
300  orenvironmental conditions was indicated by lower values. The Fv/Fm ratio was found to fluctuate
301  within the range 0.471-0.627 for dark-adapted leaves for the trampled and buffer plants, which
302  means that the actual state of the cells is good in all cases (Tab. 3). Therefore, it's assumed the growth
303  of the plants and function of photosynthetic apparatus was not damaged, with mechanism(s)
304  involved in the limitation of the production of oxygen species, responsible for oxidative stress, being
305  efficient. The low values of Fv/Fm for leaves adapted to darkness may be also due to the plants’
306  growth in full sunlight slopes, which initiates the process of photoinhibition.

307 Generally, t'4 is smaller when the plastoquinone (PQ) pool is low in shaded compared to sunlit
308  plants, and also under stress conditions; t%2 (in ms) is a function of the photochemical reaction rate
309  and pool size of electron acceptors, including the PQ pool. Juncus trifidus in the trampled buffer has a
310  value of 145 and 40 ms with and without adaptation to the darkness, respectively (Tab. 3). The
311  half-time after adaptation to darkness is much larger, which means a high PQ pool in the plant.
312 Some species in the reference buffer have a higher value of Fv/Fm than the same species in the
313 trampled buffer. For example, Luzula alpino-pilosa has an Fv/Fm value of 0.627 in the reference buffer,
314  while in the buffer where the species was trampled this value is lower, at 0.596, which may indicate
315  lower efficiency of light absorption related to lower chlorophyll (Tab. 3). Furthermore, these values
316  for Luzula alpino-pilosa were statistically significant (at the p<0.05 level) compared with the difference
317  between the reference and trampled plants as measured using Kruskal-Wallis one-way analysis of
318  variance. This means that the plant cells of this species are most sensitive to changes caused by
319  trampling, and have a limited capacity for photosynthesis. The larger difference between the value
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320  of Fm and Fm' shows a greater susceptibility to photoinhibition; larger Fv/Fm ratios may mean that
321  the photosynthetically active pigment concentration is higher. The observed morphological
322 adaptation in previously studied species also confirmed their biochemical condition being due to
323 their growth in the testing mountainous terrain, with leaf thickness and the number of layers of
324  parenchyma contributing to the process of photosynthesis. To confirm this relationship, values
325  obtained from the fluorometer were correlated to the indices illustrating the various vegetation
326  parameters, such as cellular structures, pigments or water content. In the study only those indices
327  which revealed statistically significant differences between both for the buffer zones were used.

328 Table 3 — The average fluorescence value for the studied species in the two buffers without and after
329 adaptation to darkness. ( * — statistical significance at the 0.05 level)
Trampled buffer Reference buffer
Plant species without without

with adaptation
to darkness

with adaptation

adaptation to
P to darkness

adaptation to

darkness darkness
-
Fv/Fm tY%ms | Fv/Fm' t¥“'ms | Fv/Fm t¥% ms | Fv'/Fm' tm/;
Juncus trifidus 0.496 145 0.323 40 0.549 173 0.372 34
Luzula alpino-pilosa | 0.596 * 116 0.343 27 0.627 * 79 0.407 24

Agrostis rupestris 0.471* 113 0.285 31 0.597 * 113 0.314 35
Oreochloa disticha 0.520 126 0.391 36 0.598 119 0.381 27
Festuca picta 0.572* 123 0.302 22 0.496 * 121 0.276 24

330

331 Fv/Fm for the species Luzula alpino-pilosa in the reference buffer was strictly correlated with WBI
332 (-0.67) that characterizes the water content, while Fv/Fm for the trampled Luzula alpino-pilosa
333 correlates with REPI (0.36) (Tab. 4). In addition, a high correlation is observed between Fv/Fm and
334  GNDVI, especially for trampled plants, which means that the plants were stressed; trampled plants
335  have a higher ratio of carotenoids to chlorophyll. The Juncus trifidus in the reference buffer shows the
336  highest correlation with fluorescence indices representing the structure and condition of the plants
337  (e.g. CAI or WBI), with values of -0.62 or -0.53. For the trampled species Juncus trifidus the
338 correlation value of Fv/Fm with GNDVI is -0.66 and when Fv'/Fm' is correlated with GNDVI it is
339 -0.71. This indicates induction of stress factors and thus decreasing values of Fv/Fm and Fv'/Fm’,
340  which demonstrate the damage of photosynthetic apparatus and PSII, thus lowering photosynthetic
341  efficiency (Tab. 4).

342 Table 4 — The Spearman correlation of remote sensing vegetation indices and fluorometric indices
343 (Fv/Fm, t'2 — with adaptation to darkness; Fv/Fm/, t/4' — without adaptation to darkness) for all
344 species marked T — trampled and R — reference; * — statistical significance at the 0.05 level.
Fv/Fm 122 Fv'/Fm' t'
Luzula alpino-pilosa _T REPI [0.36] REPI [0.46] PRI [-0.52] ARI2 [0.49]
Luzula alpino-pilosa _R WBI [-0.67]* PRI [-0.52] WBI [-0.28] CRI2 [0.59]
Festuca picta _T GNDVI [0.83]* SIPI [0.82]* GNDVI [0.54] CRI2 [-0.94]*
Festuca picta _R PRI [0.54] SIPI [0.49] PRI [0.86]* ARI2 [-0.59]
Juncus trifidus _T GNDVI [-0.66]* ARI1 [-0.63]* GNDVI [-0.71]* PRI [-0.51]
DVI7
Juncus trifidus _R CAI [-0.62] mNDVI705 [0.66]* WBI [-0.53] ml[\IO 64]*05
Agrostis rupestris _T TCARI [0.63]* mNDVI705 [0.67]* CAI [-0.70]* MSI [-0.66]*
Agrostis rupestris _R mNDVI 705 [0.56] PRI [0.74]* CRI2 [0.54] mNDVI705 [0.49]
Oreochloa disticha _T CAI[-0.77] GNDVI [0.37] PRI [-0.65] CRI1 [-0.55]

Oreochloa disticha _R SIPI [0.77] GNDVI [0.75] SIPI [0.60] CAI [0.88]*
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345 The fluorescence index (Fv/Fm) for the species Agrostis rupestris is in most cases positively
346  correlated with remote sensing indices, but there is a noticeable decrease (approx. 0.50) in correlation
347 between Fv'/Fm' and CAI or t/2' with MSI For this species in the reference buffer, the Fv/Fm
348 fluorescence value correlated with mNDVI705 indices (0.56), and the Fv'/Fm' value correlated with
349  CRI2 indices (0.54). Plants in stress contain higher concentrations of carotenoids, which play a
350  prominent role in protection against stress; this index is one measure of stressed vegetation. Higher
351  CRI2 values mean greater carotenoids relative to chlorophyll concentrations. This is also reflected in
352 photosynthesis and other processes that occur in a plant, as shown in Table 4, by the values of the
353 fluorescence correlations between indices depicting chlorophyll (e.g. mNDVI705) or those
354  describing the state of health (e.g. GNDVI) and indices determining the amount of light used in the
355  process of photosynthesis (e.g. PRI), water content (e.g. WBI) or stress-related pigments CRI2 and
356  ARI2 (which determine the condition of trampling vegetation).

357 Trampling interacts in different ways with the studied species, which is visible via a changing
358  reflectance spectrum and then remote sensing indicators. Changes caused by trampling mostly affect
359  the spectral bands related to pigments and water content. Moreover, the changes are also reflected in
360  the values of Fv/Fm, which reflect the variable adaptation of the photosynthetic apparatus of each
361  species. Differences in the condition of species do not allow us to state clearly that the species are
362  more or less resistant to trampling in this area.

363 5. Discussion

364 The study results confirm that the vegetation condition may decline in response to many biotic
365  and abiotic factors. Alpine swards are exposed to full sunlight, insufficient water supply and high
366  temperature. Therefore these high mountain plants evolve adaptations, such as Crassulaceae,
367  allowing water retention, storage in the leaves, or wax to reduce evaporation [72]. One of the stress
368  factors is trampling, which leads to changes in some species. Tests were used to determine which
369  remote sensing vegetation indices reflect the currently worsened (damaged structures, lower level of
370  physiological processes) state of swards caused by excessive tourist traffic. The impact of informal
371  trails can be particularly important, because subalpine and alpine plant communities on mountain
372 summits are typically fragile, spatially restricted and rare [73].

373 Changes caused by trampling are reflected in the health status of vegetation, lower cover, lower
374  plant height, decreased biomass, changes in the typical species composition, relative changes in
375  cover classes and displacement of species [8,14,74-78]. Cole [14] found that plant morphology was
376  more significant than site characteristics (altitude, overstorey canopy cover and total vegetation
377  cover) in determining the response of vegetation to trampling. The same information was compared
378 by Sun and Liddle [79], who showed that plant height and morphological structure appear to be
379  strongly associated with resistance to trampling. As a result, some alpine vegetation types may be
380  significantly more resistant than sub-alpine and low-elevation types, due to the larger proportion of
381  turf-forming graminoids [79,80]. However, Bell and Bliss [81] wrote that the other alpine vegetation
382  types are likely to be less resistant. These studies also showed diverse resistance to trampling among
383  species. All researched species in the Czerwone Wierchy showed a statistically significant (p<0.05)
384  change between trampled and reference plants, which was visible in the reflectance spectral curves.
385 However, vegetation can, of course, rebuild its structure in most cases if trampling is not to a
386  very high degree (devastation sites), but alpine vegetation recovers much more slowly than
387  vegetation in lower altitude areas [78,82]. The conducted research also showed variable species
388  resistance to trampling— a similar relationship to that shown by Dumitrascu [83], who emphasize
389  that habitat characteristics affect the state of trampled plants. Species react differently to stress and
390  this is dependent on their morphology, anatomy and state of development at any given moment.
391  Changes were observed in the chlorophyll concentration within the leaves, revealing, respectively, a
392 decrease or increase in the visible range reflectance around 700 nm [84]. A similar situation can be
393  seen in this study, where the stress caused by excessive trampling is visible in the same wavelength
394  range indicating chlorophyll, as evidenced by the remote sensing of vegetation indicators such as
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SRP], 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 [85].

When plants are exposed to abiotic and biotic stress in high light conditions, decreases in Fv/Fm
are frequently observed [86]. The optimum value is 0.83, but this varies [41,44,45,87]; a lower value
will be seen when the plant has been exposed to stress, indicating photoinhibition [88]. The Fv/Fm
parameter appears to be relatively insensitive to severe water limitation, but could be used to
differentiate between responses during cold temperatures. High light intensity is observed in the
mountains, thus Fv/Fm values obtained in this study ranges between 0.471 and 0.627. Kalaji [9]
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 the control plants. In the present study a decrease in half-time (t'2) between the
trampling and the reference plant was not observed [89], 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. We can therefore conclude that temperature is not an important
stress factor for alpine swards, where plants are well adapted to adverse environmental conditions
[9,90]. 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 [91-93].

The high correlation index of Fv/Fm with indicators from the group describing the use of light
within the photosynthetic process allows for long-term monitoring of vegetation. One example is the
research of Tan et al. [94] where, when determining damage to corn, the SIPI index was used and
was highly correlated to Fv/Fm (R=0.88). However, in this study the second of the indicators in this
group — PRI — correlated highly with Fv/Fm (R=-0.53 for Luzula alpino-pilosa) indicating changes in
trampled vegetation that included lower energy consumption. GNDVI — defined in the literature as
a modification and improvement of the NDVI index for highlighting the physiological properties of
plants [95] — shows a high correlation with Fv/Fm for all the reference species (0.71), which proves
the very good development of reference vegetation compared to the disturbed state of trampled
vegetation.

Replanting of the vegetation is possible, although very labour intensive [73,96]. Through the
analysis of the state of vegetation and information about fluorescence we are able to closely monitor
and evaluate species and plants exposed to environmental stress before external signals, such as
yellowing or browning of leaves, are visible. Such monitoring of the state of vegetation allows earlier
prevention of the destruction of species in such valuable natural areas as, among others, national
parks [97].

6. Conclusions

Alpine vegetation is characterised by a set of unique properties that can be quantified by
hyperspectral sensors. The most important are plant pigments (including their relative
concentrations), protective elements, e.g. the shape and structure of leaves, or waxy cover; allowing
the influence of different abiotic and biotic factors to be illustrated. Trampling disintegrates the plant
canopy, causing higher transmission of solar radiation and changes in water-temperature
relationships (increases in soil temperature and evapotranspiration). 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
correlation of both categories of information obtained allowed the impact of heavy tourist traffic on
the selected species to be determined, which is important for the protection of valuable natural areas.

d0i:10.20944/preprints201704.0007.v1
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445 The present study of Juncus trifidus; Agrostis rupestris; Luzula alpino-pilosa; Oreochloa disticha;
446  Festuca picta has failed to clearly determine which species are resistant or more sensitive. The most
447  resistent to trampling is Nardus stricta, which in 59% (p<0.05) and 83.3% (p<0.01) of analysed targets
448  did not show statistically significantly differentiated spectral properties; similar observations were
449  recorded for Deschampsia flexuosa. The most sensitive were Agrostis rupestris and Juncus trifidus (87%
450  where the trampled plants were different from the reference species at the p<0.05 level of statistical
451  significance, and 75% at the p<0.01). Fv/Fm had a high correlation with the indices, indicating the
452 amount of chlorophyll and the use of light in photosynthesis. For example, for the reference samples
453  of species Oreochloa disticha the Fv/Fm ratio correlates at 0.77 with the SIPI index, while for the same
454  species threatened by trampling, we have the opposite (negative) correlation. The best vegetation
455 indices, which were statistically significant for the analyses, are NDVI, mNDVI, NDVI705, mSR705,
456  ARVI, EVI, WBL, NDWI and NDIL

457 The proposed methodology allows for remote monitoring of various types of vegetation. The
458  use of hyperspectral data confirms the rich information on the state of vegetation, especially
459  vegetation endangered by trampling, but also confirms fluorescence as an indicator for describing

460  the actual state of the pigments and cell structures.
461
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