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Abstract: Vegetation, through its condition, reflects the properties of the environment. Heterogeneous
alpine ecosystems play a critical role in global monitoring systems, but due to low accessibility,
cloudy conditions, and short vegetation periods, standard monitoring methods cannot be applied
comprehensively. Hyperspectral tools offer a variety of methods based on narrow-band data, but
before extrapolation to an airborne or satellite scale, they must be verified using plant biometrical
variables. This study aims to assess the condition of alpine sward dominant species (Agrostis rupestris,
Festuca picta, and Luzula alpino-pilosa) of the UNESCO Man&Biosphere Tatra National Park (TPN)
where the high mountain grasslands are strongly influenced by tourists. Data were analyzed for
trampled, reference, and recultivated polygons. The field-obtained hyperspectral properties were
verified using ground measured photosynthetically active radiation, chlorophyll content, fluorescence,
and evapotranspiration. Statistically significant changes in terms of cellular structures, chlorophyll,
and water content in the canopy were detected. Lower values for the remote sensing indices were
observed for trampled plants (about 10–15%). Species in recultivated areas were characterized by
a similar, or sometimes improved, spectral properties than the reference polygons; confirmed by
fluorescence measurements (Fv/Fm). Overall, the fluorescence analysis and remote sensing tools
confirmed the suitability of such methods for monitoring species in remote mountain areas, and the
general condition of these grasslands was determined as good.

Keywords: High Tatras; alpine ecosystems; chlorophyll; fluorescence; plant stress; remote sensing
indices; ASD FieldSpec

1. Introduction

During evolution, vegetation has developed alternative metabolism paths and defense reactions
that enable it to grow in unfavorable conditions, as well as regenerate damage, which is referred to
as resistance to stress, disturbance, and competition [1,2]. One of the crucial factors causing stress
in vegetation is trampling [3,4], including crushing and defragmentation of organs [5]. Adaptation
of plants to difficult conditions is observable in their leaf construction, leaf resilience as well as stem
flexibility and extended root system. This impacts the so-called tolerance to the trampling of a particular
species [6,7]. Due to extensive environmental changes, in most cases, the passive protection of nature
does not guarantee that the extinction of a species or ecosystem degradation will stop [8]. Therefore, it is
necessary to explore the measurement of plant parameters and properties in order to assess ecosystem
functioning [9,10], especially in valuable natural and hard-to-reach high-mountain ecosystems.

Hyperspectral remote sensing involves analyzing numerous narrow bands of electromagnetic
radiation that enables the repeated monitoring of vegetation in a quantitative and qualitative
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manner, but must be verified by biometric measurements such as chlorophyll content or chlorophyll
fluorescence [11,12]. In fact, researchers refer to the measurement of fluorescence as the barcode of
physiological properties of a specific plant, which may be used e.g., for taxonomic purposes [13].
Fluorescence is the quantity of absorbed light (quanta) leading to excitation of chlorophyll particles
that have not been used in photosynthesis due to stressors [14]; both abiotic and biotic. Therefore, the
measurement of chlorophyll fluorescence is believed to be the best photosynthesis efficiency index [15]
for most species, i.e., not exposed to stressors. Optimal fluorescence (Fv/Fm) rates are approximately
0.83 with adaptation to darkness [16,17]. High photosynthetically active light intensity is characteristic
of alpine plants, causing stress [18], similarly, a decrease in the air temperature to −2◦C brings about a
reduction of the Fv/Fm ratio [19]. Even though alpine vegetation reduces the negative effects of strong
sunlight exposure [20] by numerous adaptations, still, a combination of several stressors (e.g., dryness)
will result in browning of leaves, lower biomass production, poorer photosynthesis productivity [21,22]
and a loss of turgidity [23]; simultaneously, one may observe lower Fv/Fm rates (stress index).

In order to better explain the mechanism functioning in high-mountainous plants, and their true
state of health, biophysical measurements and biometric values are commonly used for verifying spectral
information. This can be through assessing the so-called APAR (Absorbed Photosynthetically Active
Radiation) and fAPAR (fraction of Absorbed Photosynthetically Active Radiation) rates, moreover,
a measurement of thermodynamic air temperature (ta) and plant canopy radiation temperature
(ts), can assess water stress through a temperature ts-ta index rate and Chlorophyll Content Index
(CCI). In addition, modern methods often use remote sensing indicators to model biometric values.
For example, regression models have been used to perform quantitative analyses between spectral VIs
and LAI [24] or CCC (Canopy chlorophyll content) [25] measured under different phenological stages.
In such analysis models, such as PROSPECT and SAIL radiative transfer models (PROSAIL) [26],
multiple linear regression (SMLR; [27]), partial least square regression (PLSR; [28]) or multivariate
adaptive regression splines (MARS; [29]) are often used. In addition, the coefficient of determination
(R2) and RMSE are employed to evaluate the outputs. An advantage is these non-invasive methods
can be shifted from ground-based to airborne [30] or satellite monitoring [11,12], e.g., the ESA FLEX
satellite mission [31].

Research published about vegetation within the Tatra National Park has gradually evolved.
Initially, the difference in trampled and reference vegetation was tested using only a ground-based
spectrometer [32] with spectral curves and remote sensing vegetation indices analyzed. In subsequent
years, for the purpose of their verification, chlorophyll (CCI) and accumulated energy (fAPAR)
measurements in the area of Kasprowy Peak and the surrounding area were added to broaden the
scope to verification [33]. Next, in order to check the methodology, the research was transferred to
another TPN area—the Red Peaks, where the obtained test results were verified, and the methods were
extended by applying chlorophyll fluorescence measurements to check what actual damage occurs
during plant trampling [34].

Assessing vegetation trampling has developed over several years [32–35] focusing on new
verification methods as well as the application of research by park employees. The current paper
presents an analysis based on field studies, with an emphasis on recultivated areas; not previously
measured. The goals are an assessment of spectral ranges and remote sensing indices, which were
carried out by dividing the swards into trampled and reference polygons. However, along with the
development of tourism in the Park area, protective measures were applied to the most degraded areas
that are also a focus of this article.

This study tested the hypothesis that there is potential for using various hyperspectral vegetation
indices for estimating, modeling chlorophyll fluorescence and chlorophyll for different types of alpine
swards species. A key aspect of the research was finding the appropriate parts of the electromagnetic
spectrum that can be used for ground, airborne and satellite level monitoring of plants. Another aspect
was the correlation between remote sensing indices, plant physiology metrics (chlorophyll content and
its fluorescence), absorption of accumulated energy for photosynthesis (APAR) and evapotranspiration.
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The precise determination of indicators and ranges of the spectrum for species will allow for the
analysis of the condition and monitoring of individual protected species in the National Park.

2. Study Area and Research Objects

The Tatra Mountains are the highest mountain range between the Alps and the Caucasus. The Tatra
National Park (Tatrzański Park Narodowy, TPN) covers 21,197 ha of the Polish part of Tatras, out of
which 11,500 ha are under strict protection (all high-mountain ecosystems). The whole area of the
Tatra Mountains includes two national parks: the TPN and the Tatranský Národný Park (TANAP),
which jointly created the UNESCO Man & Biosphere nature reserve and met the criteria of the Special
Protection Area (OSO) and Special Conservation Area (SOO). It is marked by a characteristic alpine
landscape with a typical Central European climate with strong influences from Oceanic and Continental
climates modified by altitude. Plant zones containing abundant flora (about 1000 species of vascular
plants) and fauna include many species that are rare or endangered in Poland [36]. Owing to the
multitude of habitats and species, the area of the Tatra Mountains has been qualified as a Natura
2000 area. Alpine swards are exposed to high insolation and overheating and, simultaneously, strong
and cold winds can cause considerable water loss. Thus, local vegetation has developed a range of
protection mechanisms, such as succulent leaves and leaves covered with tomentum and wax. Due to
the high altitude above sea level, the plants are smaller and less common. Their short height can
protect them from unfavorable exposure to cold winds, with the whole plant able to survive under
the snow. Alternatively, they may grow again from underground parts in the case of a shortened
vegetation period [37]. Also, some alpine plants have green leaves with a high chlorophyll content,
which ensures rapid vegetation and blooming, allowing them to set fruit after the snow is gone.

The research area included the vicinity of the Kasprowy Peak, Beskid, Gąsienicowa Valley
and Red Peaks (Kopa Kondracka, Ciemniak, Figure 1), with the focus being vegetation growing
in selected fragments of the alpine and subalpine floor termed alpine swards. Based on a list of
precious flora kept by the Polish Chief Inspectorate for Environmental Protection, as well as maps
of real vegetation [38], dominant alpine sward species, i.e., Agrostis rupestris, Festuca picta and Luzula
alpino-pilosa, were selected and subject to an in-depth analysis. These species grow on the most
precious mountain areas where, from April to September, about 75% of the annual tourist traffic is
concentrated. The observed phenomenon of strong anthropopressure leads to intense exploitation
of the land, resulting in destruction and restructuring of the plant cover and soil erosion in the areas
neighboring trails [39,40].

Agrostis rupestris is a narrow-leaved grass growing in tufts with 5–20 cm long raised blades [41].
Its leaf blades are rolled, whereas the corymb may reach a length of 4 cm; the plant blooms in July
and August and grows both on swards as well as on mountain pastures, having a typically scree-type
nature [42]. What is characteristic of the plant is its resistance to trampling, e.g., [37,43]. Mirek and
Piękoś-Mirek [44] described Agrostis rupestris as a native species that has adapted to anthropogenic
habitats. Festuca picta belongs to the Poaceae family and grows in thick tufts [37,45]. Its leaf blades
are curved and filamentous, with a width of up to 0.7 cm, with the sole distinctive feature being the
red-brown-violet color of inflorescences, which consist of numerous two-to-three-millimeter spikelets.
Festuca picta has very low habitat requirements. Luzula alpino-pilosa, which belongs to the family of
Juncaceae, grows as dense fields on snow patch communities in humid couloirs, on gravels, screes,
rocks, and banks of streams. This green plant, with leaves of approx. 2–7 mm width, will grow up to
a height of 30 cm [44] and blooms at the end of July and August. Its inflorescence is scattered and
branched, whereas the flowers are inconspicuous and small. They grow on stalks, 2–3 on each, and
have a dark brown, almost black, color [44].
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Figure 1. Location of the research area and polygons (in the background the WorldView2 image, 2015,
the vector data acquired from the Tatra National Park).

3. Materials and Methods

The measurements commenced by selecting the research polygons, including vegetation
monitoring networks operated by the TPN and Polish Railways (Polskie Linie Kolejowe). All the
polygons were broken down to: (a) areas subject to trampling, which are located in the neighborhood
of trails, at sites clearly destroyed by tourists; (b) reference areas with similar habitat conditions located
near to trampled areas but normally at a distance of 10 m from trampled polygons; (c) recultivation
areas, i.e., patches delineated by the TPN with limited access; where the species are planted under
biodegradable jute mats that help them to grow and make it easier for them to attach to the ground.
For all the areas, homogenous tufts of individual species were identified; all the measurements were
conducted on species to eliminate the potential influence of other species, rocks and soils on the
spectral properties. The polygon locations were recorded using a GPS Trimble GeoXT to an accuracy
of 50–70 cm so that the same polygons could be analyzed in later years.

For each polygon, all species were examined (the trampled, reference and recultivation patches:
Agrostis rupestris—98 polygons, Luzula alpino-pilosa—77 polygons, Festuca picta—28 polygons). Ten sets
of measurement were undertaken for each polygon each year, in accordance with the following order
(Figure 2):

• Identification of individual tufts of homogenous species through taking documentary photographs;
• Spectral properties using an ASD FieldSpec 3 (ASD Inc., Longmont, CO, USA) spectrometer using

a fiber optic cable at an angle of 25◦ from a plant’s surface at a distance of about 1 m2 [32], as well
as the ASD PlantProbe (ASD Inc., Longmont, CO, USA) in order to keep identical measurement
conditions in all years [32]. Prior to each series of measurements, the spectrometer was calibrated
using a white Spectralon tile (SG 33151 Zenith Lite Reflectance Target and calibration screen
P/N A122634 Leaf clip). Thanks to the application of a probe, it was possible to precisely
register the properties of individual species, eliminating the influence of the environment on the
spectral reflectance curve. In total, 4115 × 25 spectrometric measurements were performed with
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the sets of 25 independent measurements automatically averaged and recorded as one out of
4115 measurements;

• Leaf chlorophyll content measurements using a Chlorophyll Content Meter CCM-200 (OptiScience,
Inc. Opti-Sciences, Inc., Hudson, NH, USA) that measures the Chlorophyll Content Index (CCI).

• Chlorophyll fluorescence using the Plant Stress Meter fluorometer (PSM Mark II, Biomonitor,
Stockholm, Sweden) and LeafClip applied to create a dark adaptation that terminates the
photosynthesis processes. Measurements were also performed without dark adaptation. As the
first stage, a measurement of leaves without adaptation to darkness (i.e., the Fv’/Fm’ fluorescence
rate), then a second stage measurement with adaptation to darkness (a leaf fragment was put in
the dark using a LeafClip, the Fv/Fm fluorescence rate); then, after about 30 min of being in the
dark, a final measurement was performed that allowed all the chlorophyll pigments to be excited
by a light impulse.

• Air thermodynamic temperature (ta) and leaf radiation temperature (ts) using the IRtec MiniRay
100 with an insert probe pyrometer (Eurotron Instruments S.p.A., Milan, Italy) in order to evaluate
the water stress using the thermal infrared (TIR). Measurements were conducted in accordance
with the 30:1 parity, which means that if the distance to the plant amounted to 30 units, the
diameter from which information was gathered equaled to 1 unit. In practice, when measuring a
single plant species, the measurement was performed at a distance of about 3 m from a studied tuft,
with a circle whose diameter was about 10 cm that was equivalent to the canopy of a given species.

• Measuring energy balance of Absorbed Photosynthetically Active Radiation (APAR) and the
fraction of APAR (fAPAR = APAR/PARo) [25] by measuring its components (PAR0—total radiation
incoming to the canopy, PARc—canopy reflected PAR, PARt—PAR transmitted through the canopy,
PARs—soil-reflected PAR) using a line ceptometer AccuPAR model 80 (Decagon Devices, Pullman,
Washington, USA) [46].

Figure 2. Equipment: (a) white SG 33151 Zenith Lite Reflectance Target; (b) Leaf clip calibration target
of the ASD PlantProbe (P/N A122634); (c) spectrometric measurements using ASD FieldSpec 3, ASD
PlantProbe and location by GPS Trimble GeoXT; (d) AccuPAR PAR-80 measurements; (e,f) Chlorophyll
Content Meter CCM200; (g–j) fluorescence measurements using Plant Stress Meter (PSM Mark II)
with LeafClip; (k,l) Pyrometer iRtecMiniRay-100 (Photography taken by Bogdan Zagajewski and
Marlena Kycko).

3.1. Calculation of Remote Sensing Vegetation Indices

The spectra gathered during the ASD FieldSpec 3 spectrometric studies were exported to an
ASCII format and then converted using the Statistica 13 software. As a result, one could calculate
remote sensing vegetation indices in individual study periods and for individual patches, as well as
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compare the spectral reflectance curves. Based on previous experience [32,33], the number of indices
was narrowed down so as to focus on those showing a statistically significant difference (Table 1) and
to check their usefulness in the case of recultivated species.

Table 1. Used remote sensing indices.

Application Index Name Formula Source

General condition
of vegetation

ARVI Atmospherically Resistant
Vegetation Index

ARVI = {[R860 − (2* R650 − R470)]/[
R860 + (R650 − R470)]} [47]

NMDI Normalized Multi-band Drought
Index

NMDI = {[R860 − (R1640 −
R2130)]/[R860 + (R1640 − R2130)]} [48,49]

Amount of
photosynthetic
active pigments

GI Greenness Index GI = R554/R677 [50]

RARSa Ratio analysis of reflectance spectra
algorithm chlorophyll a RARSa = R675/R700 [51]

Canopy nitrogen NDNI Normalized Difference Nitrogen
Index

NDNI = [[LOG(1/R1510) −
LOG(1/R1680)]/[LOG(1/R1510) +

LOG(1/R1680)]
[52]

Light use efficiency PRI Photochemical Reflectance Index PRI = (R531 − R570)/(R531 + R570) [53]
SIPI Structure Insensitive Pigment Index SIPI = (R800 − R445)/(R800 − R680) [54]

Dry or senescent
carbon

PSRI Plant Senescence Reflectance Index PSRI = (R680 − R500)/R750 [55]
CAI Cellulose Absorption Index CAI = [[0.5*(R2000 + R2200)] − R2100 [56,57]

Canopy water
content

WBI Water Band Index WBI = R970/R900 [58]
NDWI Normalized Difference Water Index NDWI = (R857 − R1241)/(R857 + R1241) [59,60]

3.2. Statistical Analysis of Data

Statistical analyses were conducted using the Statistica 13 software (TIBCO Software Inc., Palo Alto,
CA, USA) [61]. Each of the species examined in the research period 2012–2014 was analyzed separately.
The analysis of spectral reflectance curves based on the Ward’s method of data agglomeration enabled
a comparison of spectra characteristics of alpine sward species. It allowed an observation of which
species have similar spectral characteristics in all three cases of polygons (trampled, reference and
recultivated, respectively) and which species are most like one another in the reflectance 350–2500 nm
range. For all the analyses, the level of statistical significance amounted to α = 0.05 and involved the
following steps:

1. Analysis of variance (ANOVA) The ANOVA analysis showed which ranges of the electromagnetic
spectrum are statistically differentiated between polygons (trampled, referenced and recultivated)
for each tested species and sites.

2. The difference in remote sensing vegetation index values between the tested polygons for each
of the three species was also checked. The procedure of statistical indicator analysis had the
following structure:

• By applying the Shapiro-Wilk test, researchers verified the assumption that the data had
a normal distribution [62]; as a next step, variance homogeneity was checked using the
Levene’s test [63].

• The ANOVA Kruskal-Wallis one-way analysis of variance by ranks was applied (due to
the lack of normal data distribution) to analyze the species differences for each situation
(trampled, reference and recultivated). This information was acquired through multiple
comparisons (so-called post hoc comparisons)—in the present case, the Tukey’s HSD test
was selected.

3. The correlation of calculated remote sensing indices is based on spectral reflectance curves and
biophysical variables. Because the distribution of both type of indicators: calculated from the
spectral reflectance curve and biometric indicators (defining biophysical variables), was not
normal then Spearman’s rank-order correlation coefficient was applied (Rs).
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4. Multivariate adaptive regression splines (MARS) were used to forecast the object condition
based on remote sensing indices and biophysical variables (selected in the course of the prior
statistical analysis) that showed a statistically significant relationship with the alpine sward
species. Based on all the measurements conducted, a model for the Fv/Fm (n = 1600 cases)
and CCI (n = 2400 cases) rates were created for the dominant alpine sward species (excluding
the verification area, which in this case was the Red Peaks). The occurrence of interactions
means that the influence of an independent variable (X1) on a dependent variable (Y) is different,
depending on the level of the next independent variable (X2) or a series of successive independent
variables. One may speak of an interaction or combination of two factors when the reaction of
a studied feature at the level of one factor is not the same on all levels of the other factor [64].
A model was developed per parameter as well as the Generalized Cross Validation error (GCV),
which demonstrates an error in cross-validation, i.e., proves whether a model matches real data.
Moreover, the GCV parameter accounts for both the residual error and the extent of model
complexity. In order to implement the research methodology for remote monitoring of alpine
sward condition, e.g., hyperspectral imaging, the researchers attempted to verify the model in the
Red Peaks area. And so, the rates modeled based on spectrometric data were compared with
the rates determined in the field, using independent bioradiometric measurements, and then
presented in the form of the coefficient of determination (R2), whereby the closer the rates to one,
the more the model matches real data.

4. Results

Spectrometric measurements conducted in the field confirmed spectral differentiation of species
within the study area; the differences were statistically significant for species growing in trampled
and recultivated areas compared to those in the reference areas. The condition of the vegetation in
the aforementioned areas was different, and the plants located next to trails with heavy tourist traffic
were mainly characterized by a poorer state. Whereas the vegetation from recultivated areas was
characterized with similar conditions as the species in reference polygons.

4.1. Differentiation of Spectral Characteristics

Spectral characteristics of studied species differed among one another depending on the condition
of the vegetation and the species. Spectral differences were confirmed between trampled plants (_T),
recultivated (_Rec) and reference plants (_R). Depicting spectral characteristics using the Ward’s method
demonstrated a degree of similarity for spectral reflectance rates in individual species. The greatest
influence exerted by trampling on spectral properties occurred in the polygons and differentiation of
the spectral characteristics in three tested polygons was also observed for Luzula alpino-pilosa (LAP_T,
LAP_R, LAP_Rec) and in sequence Agrostis rupestris (AR_T, AR_R, AR_Rec). The most similar research
polygons from these three species tested (reference and trampled in terms of spectral properties for one
species) were found to be the ones containing Festuca picta (FP_T, FP_R). This does not mean that this
species did not show any difference between trampled and reference areas; however, this difference in
spectral characteristics was less clear than the two previous species. This means that in the hierarchy
of resistance to trampling, we can consider this species as resistant, in relation to the other two. Similar
spectral characteristics were concluded in the reference polygons for the species Luzula alpino-pilosa
and Agrostis rupestris (LAP_R, AR_R), and also the spectral characteristics of these species are similar
to each other in the trampled polygons (LAP_T, AR_T; Figure 3).

Comparing the spectral characteristics of dominant alpine sward species allowed the researchers
to identify spectrum ranges, demonstrating statistically significant differences and showing changes in
spectral properties that depended on the plant species trampled, recultivated or reference. What all the
species under research had in common, were ranges demonstrating absorption of photosynthetically
active pigments, water content in the canopy, content of dry matter and building substances such as
proteins and nitrogen (Table 2).
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Figure 3. Agglomeration of spectral curves in the electromagnetic spectrum (350–2500 nm; Ward’s
method) acquired in 2012–2014 for dominant species, n = 148,125. Explanations: AR_T—Agrostis
rupestris trampled, AR_R—Agrostis rupestris reference, AR_Rec—Agrostis rupestris recultivated,
FP_T—Festuca picta trampled, FP_R—Festuca picta reference, FP_Rec—Festuca picta recultivated,
LAP_T—Luzula alpino-pilosa trampled, LAP_R—Luzula alpino-pilosa reference, LAP_Rec—Luzula
alpino-pilosa recultivated.

Table 2. Statistically significant spectral ranges for trampled and reference plants (α = 0.05).

Spectral Ranges Width of the Range (nm) Description of the Plant Characteristics

448–514 26 The amount of photosynthetically active pigments
531–707 176

1385–1556 171 Vegetation cellular structures
1801–1835 34 Water content, dry matter content, absorption of

proteins and nitrogen compounds1845–1862 17
1879–2500 621

The reflected, statistically significant, range of electromagnetic radiation is different for each
studied species, demonstrating narrower/wider ranges. Grayed out statistically significant ranges
of the spectrum determine the highest probability (95%) of occurrence of differences in the spectral
characteristics between all polygons for the studied species (Figure 4). This dependence results from
adaptations of a given plant as well as its leaf structure, which reflects changes in a given species
brought about by trampling. The spectral characteristics of Agrostis rupestris demonstrate a better
cell structure condition in remediated plants compared to reference plants; in addition, one may
observe a lower reflectance coefficient rate in the range demonstrating water content in reference plants.
This means that water content is higher in those polygons as water absorbs electromagnetic radiation
(Figure 4).

Visible destruction of trampled vegetation could be observed through a lower absorption in the
red range; this is a sign of a lower chlorophyll level in the plant, e.g., Festuca picta. A flattened red
edge and lower reflectance in that range were observed, depicting cell structure as well as higher
reflectance values in the range describing water content pointing to its lower level (Figure 4). Moreover,
recultivated vegetation is characterized by considerably higher, statistically significant, change in the
water content and number of pigments; especially of chlorophyll, e.g., Luzula alpino-pilosa.



Remote Sens. 2019, 11, 1296 9 of 24

Figure 4. Mean value for the spectral properties of the Festuca picta, Luzula alpino-pilosa, Agrostis rupestris
tested with the shaded parts of the electromagnetic spectrum indicating where a significant statistical
relationship at the 0.05 level was found (test ANOVA, α = 0.05), n = 49,375 per species. The area marked
in gray is a common part of the differences between polygons for the values of spectral characteristics.

Summing up, it should be noted that spectral characteristics of the dominant alpine sward species
demonstrate the condition of the vegetation, which may be deemed good in the case of reference and
recultivated vegetation (as no changes in the red edge range were detected). Flattening is observable
only in the case of trampled plants, whose cell structures are subject to destruction. The impact of
trampling is visible in the chlorophyll and cell structure (in particular—red edge) as well as the content
of building material. Trampled vegetation also shows lower water content (a statistically significant
range from 1801–2500 nm). Hence, the condition of trampled plants is poorer due to lower absorption
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in the red electromagnetic spectrum as compared to the reflectance in the green range, which points to
a lower chlorophyll content.

4.2. Utility of Remote Sensing Vegetation Indices

The calculated remote sensing vegetation indices and biometrical variables (CCI, ts-ta, fAPAR,
Fv’/Fm’, Fv/Fm) also show statistically significant changes for the three species of high-mountain
grassland between the types of the polygons. Specific groups of vegetation indices showing high
correlation with the biometrical variables indicating water and biomass content in the canopy, plant
pigment and general condition of vegetation between trampled and reference polygons (Table 3). In the
case of recultivated polygons, the Spearman rank correlation coefficient (Rs) was below 0.50, which is
why it was not included in the table below. The table shows the correlation coefficient Rs above 0.50 and
only statistically significant cases (at 0.05 statistically significant level). The indicators that show the
highest number of occurrences in correlation with biophysical variables include (in order from the most
numerous ones): WBI—Water Band Index, CAI—Cellulose Absorption Index, NDWI—Normalized
Difference Water Index, PSRI—Plant Senescence Reflectance Index, ARVI—Atmospherically Resistant
Vegetation Index, PRI—Photochemical Reflectance Index, NMDI—Normalized Multi-band Drought
Index, RARSa—Ratio analysis of reflectance spectra algorithm chlorophyll a, SIPI—Structure Insensitive
Pigment Index, NDNI—Normalized Difference Nitrogen Index (Table 3).

Table 3. Correlations between remote sensing indices and biometrical variables. Explanations:
T—trampled, R—reference.

Species Festuca picta Luzula alpino-pilosa Agrostis rupestris

State T R T R T R

CCI

ARVI [0.80],
WBI [0.70],
CAI [−0.65],
NDWI [0.60],
NDNI [0.50]

NMDI [0.84],
PRI [0.78],

NDWI [0.76],
PSRI [−0.76],
ARVI [0.61],
WBI [0.56]

CAI [−0.73],
WBI [−0.45] -

PRI [0.75],
WBI [0.71],

PSRI [−0.65]

NDNI [0.60],
PRI [0.54]

fAPAR NDWI [0.52],
PRI [−0.51]

NMDI
[−0.74], CAI
[0.54], SIPI
[0.53], PSRI

[0.52]

-
ARVI [0.74],

RARSa
[−0.72]

PRI [−0.55] -

Fv/Fm -
PRI [0.65],
WBI [0.51],

NMDI [0.51]

RARSa
[0.53], GI
[−0.45]

SIPI [−0.58] - NMDI [0.70],
NDWI [0.61],

Fv’/Fm’ - PRI [0.60] ARVI [−0.51] - CAI [0.51] -

ts-ta

CAI [0.89],
ARVI

[−0.71], WBI
[−0.70],
NDWI
[−0.60]

CAI [0.77],
NMDI
[−0.75],
RARSa

[0.61], SIPI
[0.56],
NDWI
[−0.55]

WBI [−0.65],
RARSa [0.57]

NDWI [0.92],
WBI [0.88],

RARSa
[−0.70], GI

[0.53]

PSRI [0.64],
SIPI [0.62],
WBI [0.50]

NMDI
[−0.70],

NDWI [0.57],
PSRI [−0.55]

Note: “-” Rs correlation value < 0.50, n = 49,375 per species.

For the monitoring of reference and trampled species, the most useful are indices presenting
canopy water content, e.g., WBI (Figure 5). Species in trampled areas showed a drop of 0.1 to 0.4 in
WBI compared to the reference and recultivated areas (Figure 5). The lowest WBI was observed in the
case of Luzula alpino-pilosa growing in trampled areas (LAP_T), while the highest water content was
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determined for Luzula alpino-pilosa (LAP_R) growing in reference areas, as well as Agrostis rupestris
from recultivated areas (AR_Rec). Luzula alpino-pilosa may serve as an example, as the statistically
significant difference between the reference and the trampled areas for this species amounts to 0.05,
which also confirms the results for the Ward method for this species, which proved to be sensitive
to trampling.

Figure 5. Values of indices: WBI (Water Band Index), ts-ta temperature index, n = 49,375 per species.
Explanation: AR_T—Agrostis rupestris trampled, AR_R—Agrostis rupestris reference, AR_Rec—Agrostis
rupestris recultivated, LAP_T—Luzula alpino-pilosa trampled, LAP_R—Luzula alpino-pilosa reference,
LAP_Rec—Luzula alpino-pilosa recultivated, FP_T—Festuca picta trampled, FP_R—Festuca picta reference,
FP_Rec—Festuca picta recultivated.

The above remarks were confirmed by the ts-ta temperature index, which in some cases pointed
to water stress (positive values, >0 of the ts−ta temperature index) and weakened evapotranspiration
capacities. The species that demonstrated water deficit included: Agrostis rupestris and Festuca picta
in trampled areas (AR_T, FP_T). The water stress indicator for the remaining species was within
the thresholds of a general median for this indicator, with a value of −3.50◦C, i.e., fell within the
optimum range.

The next group of statistically significant indicators in the study of high-mountain vegetation
describe dry or senescent carbon. The cellulose content reflected by CAI in the dominant species of
alpine swards is variable and depends on the structure of a given species. Higher values point to
greater cellulose content was observed for alpine swards growing in trampled areas. The highest CAI
values were determined for Festuca picta, while in each of the measurement periods Luzula alpino-pilosa
grew in trampled, reference and recultivated areas that demonstrated the lowest cellulose content
(Figure 6). This is not always related only to the process of trampling, but also to the construction
and specificity of the species. This information is also confirmed by PSRI, where the common range
for green vegetation is −0.1 to 0.2. This index maximizes the sensitivity of the index to the ratio of
bulk carotenoids (for example, alpha-carotene and beta-carotene) to chlorophyll. An increase in PSRI
indicates increased canopy stress (carotenoid pigment), the onset of canopy senescence, and plant fruit
ripening e.g., AR_T, LAP_T and FP_T (Figure 6).

The general condition of plants can be monitored based on the absorption of photosynthetic
active radiation measured by the ARVI. In the case of the ARVI index, higher values indicate a better
condition, which was detected for: Agrostis rupestris, Luzula alpino-pilosa and Festuca picta growing
in reference and recultivated areas (Figure 7). Also, changes between the trampled and reference
areas were observed, with the greatest changes detected for Luzula alpino-pilosa and Agrostis rupestris
(0.16; Figure 7).
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Figure 6. Values of indices: CAI (Cellulose Absorption Index) and PSRI (Plant Senescence Reflectance
Index), n = 49,375 per species. Explanation: AR_T—Agrostis rupestris trampled, AR_R—Agrostis
rupestris reference, AR_Rec—Agrostis rupestris recultivated, LAP_T—Luzula alpino-pilosa trampled,
LAP_R—Luzula alpino-pilosa reference, LAP_Rec—Luzula alpino-pilosa recultivated, FP_T—Festuca picta
trampled, FP_R—Festuca picta reference, FP_Rec—Festuca picta recultivated.

Figure 7. Values of indices: ARVI (Atmospherically Resistant Vegetation Index), n = 49,375 per species.
Explanation: AR_T—Agrostis rupestris trampled, AR_R—Agrostis rupestris reference, AR_Rec—Agrostis
rupestris recultivated, LAP_T—Luzula alpino-pilosa trampled, LAP_R—Luzula alpino-pilosa reference,
LAP_Rec—Luzula alpino-pilosa recultivated, FP_T—Festuca picta trampled, FP_R—Festuca picta reference,
FP_Rec—Festuca picta recultivated.

The highest productivity in alpine sward species, growing in areas subject to recultivation, was
observed by indicators from the group described light use efficiency. As far as alpine swards are
concerned, PRI rates from −0.14 to 0.04 with higher rates demonstrating a better use of light in the
photosynthesis process, implying better productivity and a lack of damage in the plant cells; in turn, a
drop in the rate suggests worst functioning vegetation. The median PRI rates for all studied species (in
the case of reference and recultivated areas) are higher than the respective rates in trampled plants,
which have a general median of below 0.035 (Figure 8). This means that alpine sward vegetation
growing in trampled areas is exposed to additional stress that weakens it.

The productivity data have also been verified using fAPAR. For alpine swards in recultivated
and reference areas, this indicator reached median values of approx. 0.9 in particular species, which
suggests high utilization of light for photosynthesis (Figure 8). In contrast, in species growing in
trampled area, this rate was reduced; also, a considerable interquartile gap (which is the range between
the upper and lower quartile) was observed in 50% of the cases. An increased fAPAR rate suggests
better plant productivity; looking at plants from reference areas a significant correlation with ARVI
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(Rs = 0.74) and RARSa (Rs = −0.72) was observed for Luzula alpino-pilosa; this plant has intensely
live-green leaves.

Figure 8. Values of indices: PRI (Photochemical Reflectance Index), fAPAR (fraction of Absorbed
Photosynthetically Active Radiation), n = 49,375 per species. Explanation: AR_T—Agrostis
rupestris trampled, AR_R—Agrostis rupestris reference, AR_Rec—Agrostis rupestris recultivated,
LAP_T—Luzula alpino-pilosa trampled, LAP_R—Luzula alpino-pilosa reference, LAP_Rec—Luzula
alpino-pilosa recultivated, FP_T—Festuca picta trampled, FP_R—Festuca picta reference, FP_Rec—Festuca
picta recultivated.

Measurements of chlorophyll content (CCI) and chlorophyll fluorescence (Fv/Fm; Fv’/Fm’) can
be used as a confirmation of good condition. The highest CCI index correlation was with the ARVI
(Rs = 0.80) as well as the PRI (Rs = 0.78) for Festuca picta, which points to the good development of
vegetation (Figure 9), and this confirmed the earlier observed resistance to trampling compared to the
other two species. Yet, in the case of trampled polygons the strength of correlation was either negative
or very low. For instance, in the case of Luzula alpino-pilosa CCI showed a statistically significant
correlation with CAI (Rs = 0.73), reflecting a drop in the cellulose content in trampled vegetation
(Table 3).

Figure 9. Values of indices: CCI (Chlorophyll Content Index), n = 49,375 per species.
Explanation: AR_T—Agrostis rupestris trampled, AR_R—Agrostis rupestris reference, AR_Rec—Agrostis
rupestris recultivated, LAP_T—Luzula alpino-pilosa trampled, LAP_R—Luzula alpino-pilosa reference,
LAP_Rec—Luzula alpino-pilosa recultivated, FP_T—Festuca picta trampled, FP_R—Festuca picta reference,
FP_Rec—Festuca picta recultivated.

Information on the fluorescence processes derived from remote sensing vegetation indices was
confirmed by fluorescence (both with and without adaptation to darkness) and is presented as the
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form of a correlation (Table 3). Alpine sward species growing in reference areas showed a high
correlation between Fv/Fm and PRI, e.g., in Festuca picta (Rs = 0.65). The values of Fv/Fm’ showed
the greatest strength of correlation with PRI (Rs = 0.60—for Festuca picta from reference polygons);
CAI (Rs = 0.51 Agrostis rupestris from trampled patches). The fluorescence measurements verified the
actual condition of the photosynthetic apparatus. The median rates for Fv/Fm (adaptation to darkness)
range from 0.650 to 0.810 for species in reference areas (Figure 10). When subject to trampling, they are
significantly lower and below 0.700. For all the species, the median Fv/Fm measured was 0.653 while
Fv’/Fm’ (without adaptation) was 0.398. Fluorescence measurements also confirmed the gradation of
resistance to trampling (from the most to least resistant species): Festuca picta, Agrostis rupestris, Luzula
alpino-pilosa.

Figure 10. Values of fluorescence indices: Fv/Fm (with an adaptation to a darkness) and Fv/Fm‘
(without an adaptation to a darkness), n = 49,375 per species. Explanation: AR_T – Agrostis
rupestris trampled, AR_R—Agrostis rupestris reference, AR_Rec—Agrostis rupestris recultivated,
LAP_T—Luzula alpino-pilosa trampled, LAP_R—Luzula alpino-pilosa reference, LAP_Rec—Luzula
alpino-pilosa recultivated, FP_T—Festuca picta trampled, FP_R—Festuca picta reference, FP_Rec—Festuca
picta recultivated.

4.3. Estimation of the Chlorophyll Content Basing on Spectral Properties of Dominant Alpine Species

A wide set of hyperspectral indices (ARVI, NMDI, RARSa, GI, SIPI, NDNI, PSRI, CAI, WBI, NDWI)
and the multivariate adaptive regression splines method (MARS) modeled the chlorophyll (CCI) and
its fluorescence (Fv/Fm) indices. The accuracy of modeling was confirmed by GCV (Generalized Cross
Validation error), R2 and RMSE rates (Table 4). The RMSE error determined for the Fv/Fm model
ranged from 12 to 20%, whereas for the CCI model it accounted for 11 to 16%. Both Fv/Fm and CCI
point to a relatively robust model adjustment of the forecasted index; hence they may be applied for
the purpose of forecasting the actual condition of fluorescence and chlorophyll content in the studied
alpine sward species.

Table 4. Equation of indices Fv/Fm (n = 72,000) and CCI (n = 48,000) of dominant species, Generalized
Cross Validation (GCV) error, R2 and RMSE values. Formula of the indicator in Appendix A.

Predictors
Accuracy

GCV R2 RMSE

Fv/Fm Agrostis rupestris: NDNI; CAI; RARSa; ARVI; GI; PRI; PSRI; SIPI; NDWI 0.002 0.71 8%
Fv/Fm Luzula alpino-pilosa: SIPI; NDNI; RARSa; WBI; NMDI; ARVI; NDWI 0.0014 0.83 6%

Fv/Fm Festuca picta: ARVI; SIPI; PRI; NDWI; NMDI; CAI 0.0001 0.96 2%
CCI Agrostis rupestris: NDNI; WBI; PSRI; ARVI; GI; RARSa; PRI; NMDI 11.11 0.77 6%

CCI Luzula alpino-pilosa: NDWI; GI; NDNI; NDMI; PSRI; 60.15 0.68 7%
CCI Festuca Picta: NMDI; GI; PSRI; SIPI; NDNI; NDWI; PRI 6.38 0.93 4%



Remote Sens. 2019, 11, 1296 15 of 24

5. Discussion

Species differences for areas located next to tourist trails, experiencing trampling, were expected.
The largest percentage of change (80–100%), for species across the whole electromagnetic spectrum,
was for Luzula alpino-pilosa and Agrostis rupestris. In the case of Luzula alpino-pilosa, it was related to the
wide structure of the leaf blade as well as its thickness and size; implied considerable destruction from
trampling. The leaves and stems of Festuca picta are harder, so trampling led to a smaller percentage
of change (50–60%), which was also true for Agrostis rupestris. Similar conclusions were presented
by Balcerkiewicz [65], who reasoned that grazing caused the plants to grow in succession, with
grassy vegetation transitioning to intermediate communities between grassy plants, alpine swards and
matgrass swards.

Oprządek [66] also observed that the closer to the trail, the more common species, e.g., Agrostis
rupestris, which builds single-species patches along paths; negative and statistically significant
correlations were achieved for three quantitative categories (total number of occurrences, quantity
above 1 and >3). The strongest correlation (Rs = 0.902), was recorded for the last category (>3, i.e.,
above 50%), which indicated the dominance of this species along the trail and may indicate its greater
resistance to trampling. This was confirmed by the observations of Mirek and Piękoś-Mirek [44], who
defined Agrostis as a native species that has adapted to anthropogenic habitats and often becomes
dominant. Its presence next to tourist trails was also noted by Górski [67], who described the community
of Agrostis rupestris occurring on tourist paths and in other trampled places.

Remote sensing measurements made it possible to broadly categorize the state of the plants
in terms of the effect of trampling. Based on the vegetation indices and biometrical variables, the
resistance to trampling (from most to least resistant species) was: Festuca picta, Agrostis rupestris and
then Luzula alpino-pilosa.In the studies conducted by Oprządek [66], Luzula alpino-pilosa demonstrated
a poor negative correlation (Rs = 0.382) to the distance from the trail. However, in contrast to Agrostis
rupestris, it does not create a hull community and instead finds favorable conditions through habitat
(longer snow cover and the formation of gravels or screes on the edge of the path) that means it
tends to form monogenous patches along the paths; confirmed by the observations of Mirek and
Piękoś-Mirek [44]. Another species that Oprządek [66] referred to as negatively correlated (Rs = 0.793)
with the distance from the trail within TPN, was Festuca picta. This confirms our results and the
validity of the methods used to monitor changes. The botanical studies conducted so far have not
been sufficient, as they only quantify the percentage share of the species in the study area along the
trail. Using remote sensing methods, especially chlorophyll analysis and chlorophyll fluorescence, a
decrease in condition (by about 10–15%) in relation to reference polygons was determined for plants
within trampled polygons.

Table 5 lists statistically significant ranges within the electromagnetic spectrum, which emphasize
the differences between the spectral characteristics of the species studied in the three types of research
polygons (trampled, reference, recultivated). This can be used to indicate significant wavelengths, with
a list prepared on the basis of the wavelengths used within remote sensing vegetation indices, which
have proved to be the most useful in showing differences and variability linked to species state. In this
study, the greatest differences in species spectral characteristics were for the spectral ranges describing
the absorption of photosynthetically active pigments (448–514, 531–707 nm), cell structures (1385–1556
nm), and water content (1801–1835, 1845–1862, 1879–2500 nm; Table 5). These differences also result
from specific adaptations to excessive radiation (change in the carotenoid and chlorophyll ratio).
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Table 5. Spectrum ranges for vegetation analyses of vegetation.

This Research Literature

Range of the Spectrum (nm)
from Statistically Significant

Spectral Curves

Wavelength (nm)
from Statistically

Significant Indices

Wavelength
(nm) Application Source of

Information

448–514 470, 500 463 analysis of b-carotene absorption [68]
470 analysis of the absorption of total carotenoids [68]

31–1556

531, 554, 570, 650,
675, 677, 680, 700,
750, 800, 857, 860,

900, 970, 1241, 1510

530–630 analysis of chlorophyll content [69]
650 chlorosis analysis [70]

663.2 analysis of absorption of chlorophyll-a [71]
646.8 analysis of absorption of chlorophyll-b [71]

670 soil effect normalization and AVI analysis, bands
for the analysis of small amounts of chlorophyll [69,72,73]

680 analysis of chlorophyll absorption [74]
695 analysis of plant stress PSI (760/695 nm) [75]
1450 analysis of water absorption in leaves [76]

1510 analysis of the absorption of proteins and
nitrogen compounds in conifers [77]

1801–1835, 1845–1862,
1879–2500

1640, 1680, 2000,
2100, 2130, 2200

1650–1850 analysis of water content in cereals (wheat) [78]
1870 analysis of dry matter content [79]
1910 plant turgor analysis (water content) [79]
2160 analysis of dry matter content [79]

2180 analysis of the absorption of proteins and
nitrogen compounds [77]

2310 analysis of dry leaves, absorption of
hydrocarbons [79,80]

In addition, these spectral ranges have previously been used to assess changes in the vegetation
condition by authors such as Ruban et al. [68], Gitelson and Merzlyak [69] or Fourty and Baret [79].
The bands used most frequently to analyze water content, and water stress included 950–970, 1150–1260,
1520–1540 nm [81,82]. The width of ranges (Table 5) relevant for examining alpine swards condition
points to the fact that swards may be monitored using satellite sensors as well as airborne hyperspectral
imaging. For instance, WorldView-2 and 3 whose channels 2 (450–510 nm) and 5 (630–690 nm)
overlap with the ranges deemed significant. Also, WorldView-4 has channels in the blue (450–510 nm)
and red (655–690 nm), and similarly RapidEye (blue: 440–510 nm; red 630–685 nm), to which such
environmental analyses may be applied.

In this study, the median PRI rates for all species studied (in the case of reference and recultivated
areas) are higher than the respective rates in trampled plants, with the latter ranging below the general
median of 0.035. This means that alpine sward vegetation growing in trampled areas is exposed to
additional stress that weakens it. In the literature, PRI values gradually increased from winter, through
spring to summer [83]. Species in trampled areas also showed a drop of 0.1 to 0.4 in WBI compared to
reference and recultivated areas respectively. The species that demonstrated water deficiency included:
Agrostis rupestris and Luzula alpino-pilosa in trampled areas (AR_T, LAP_T). Changes observable in
the vegetation were confirmed by previous research where, due to trampling, significant differences
in remote sensing vegetation indices (α = 0,001) for NDWI, NDII and WBI related to water content;
ARVI related to general condition; PSRI and CAI related to the quantity of carbon in the dry cellulose
matter and lignin as well as PRI related to the amount of light used in photosynthesis [32]. Having
determined the change in condition over two years, conclusions were drawn about the influence of
weather conditions on vegetation’s state.

Fluorescence demonstrated a poorer condition for plants in trampled areas compared to those
growing in reference or recultivated areas. For non-stressed plant material, the Fv/Fm value is
expected to be 0.81–0.83 for leaf material dark-adapted for a minimum of 20 min [84]. For reference
and recultivated plants, the median rates measured for Fv/Fm fell within the range of 0.700–0.755.
When subject to trampling, the measured values were significantly lower and below 0.700 with the
median for all species being 0.653 while Fv’/Fm’ (without adaptation) was 0.398. In the literature,
values lower by more or less than 0.100 were observed for Fv’/Fm’ compared to Fv/Fm [85]. Therefore,
the measurements confirmed the dependence, namely that plants exposed to abiotic and biotic stress
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show lower than 0.830 or 0.832 ± 0.004 Fv/Fm values [86,87], with a decrease of Fv/Fm and mechanic
damage to plant tissues causing disturbed transport within the plant and a drop in biomass and
overall robustness [88]. However, high photosynthetically active light intensity can also lead to stress
in plants, with a drop in the rate of Fv/Fm [89]. Therefore, in shady sites, trampling can lead to less
vegetation damage and a smaller drop in biodiversity [90]. The resulting rates are reduced compared
to the optimum Fv/Fm, amounting to 0.780–0.865 [91] or 0.780–0.840 [16]. Overall, measurement of
chlorophyll fluorescence allows researchers to detect stress prior to the appearance of visible external
symptoms, including poorer growth [92], withering, necrosis and chlorosis [93].

A high correlation coefficient of Fv/Fm with the indices describing the use of light for photosynthesis
allows for long-term monitoring of vegetation. In this study, the Fv/Fm index demonstrated a high
correlation with indices measuring chlorophyll content and the use of light for photosynthesis e.g.,
the species of alpine swards growing in reference areas were marked by a high correlation between
Fv/Fm and PRI: Festuca picta (Rs = 0.65). The rates of Fv’/Fm’ demonstrated the highest correlation
with PRI (Rs = 0.40 for Festuca picta from trampled areas; Rs = 0.60 for Festuca picta in reference areas);
and CAI (Rs = 0.51 Agrostis rupestris from trampled areas). Studies which may serve as an example
include those conducted by Tan et al. [94], in which the SIPI index strongly correlated with Fv/Fm

(R = 0.88) and was used to measure the variability of condition of and damage to maize. Studies of
the reaction of maize to volatile levels of hydration were demonstrated by a high correlation between
the Photochemical Reflectance Index 570 (PRI570) and Fv/Fm’ (R2 = 0.76); this index turned out to be
linked to water stress at an early stage, prior to the occurrence of structural changes in the plant [95].
PRI was most often correlated with actual photochemical efficiency ∆Fv/Fm’ and explained 17–90%
of its variability; median R2 was higher for conifers (0.50) than for other species groups (Broadleaf
0.40, Herbaceous and crop 0.48 [83]. PRI explained 44–74% of the variability of the actual quantum
yield for broadleaved and herbaceous/crop plants but accounted for only 1–40% of the variability
of ∆Fv/Fm’ for mixed forests [83]. Panigada et al. [96] reported that PRI570 and PRI586 correlated
with ∆F/Fm′ (R2 = 0.49 and 0.51, respectively) for cereal crops under water stress better than other
PRIs [96]. Compared with PRI, the reflectance ratio R686/R630 also yielded a slightly higher average
R2 when related to Chl-Fs and Fv/Fm parameters. The daily R2 values for PRI and R686/R630 was
varied between 0.27–0.78 and 0.20–0.70, respectively, such a high variation might be related to the high
heterogeneity of leaf angle distribution [97]. This justifies the interpretation of data gathered about the
vegetation spectral properties, e.g., the use of light for photosynthesis (PRI) or WBI, being the indicator
reflecting water content. PRI was significantly correlated with Fv/Fm, RWC (relative water content),
mean R2 between 0.58 and 0.86 [83,98]. The research literature indicates that most stressors affecting
the photosynthesis apparatus may reduce the Fv/Fm ratio; some authors confirmed its constant rate
during drought conditions [99,100].

By applying the MARS method to this study, the following prediction rates were established: R2

from 0.71–0.96 and RMSE from 2–8% for Fv/Fm, with the R2 falling to 0.68–0.93 and RMSE to 4–7% for
CCI. During verification of the Red Peaks model, the following rates were detected: respectively, R2

from 0.58–0.72 RMSE from 12–19% for Fv/Fm, and R2 from 0.54 to 0.75 and RMSE from 11–16% for CCI.
Nawar et al. [29] modelled soil salinity and arrived at similar average model accuracies for MARS –
R2 = 0.73, RMSE = 6.53 or for content of clay and organic matter was (R2 = 0.81, RMSE = 7.7; R2 = 0.89,
RMSE = 6.9; R2 = 0.73, RMSE = 0.34; [101].

6. Conclusions

The present study confirmed the usability of hyperspectral remote sensing for evaluating the
condition of vegetation, with the dominant species of alpine swards characterized by a set of unique
properties that can be measured using hyperspectral sensors and fluorescence measurements. The most
significant properties included plant pigments (and their relative quantity), protective elements
such as the leaf shape and structure or leaf cover (especially the wax cover). In addition, this
paper represents an interdisciplinary approach, including both remote sensing (by spectrometric and
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bioradiometric measurements as well as the option of transmitting information to a different level)
with ecophysiology (features of leaves) and ecology (management of protected areas); the methods
in question combine spectral characteristics and vegetation indices providing data on fluorescence
and, hence, allowing a detailed analysis. Hyperspectral measurements, in turn, were used to confirm
statistically significant differences in the spectral characteristics of trampled, reference and recultivated
vegetation. These observations were confirmed by the chlorophyll content, fluorescence and the ts-ta
index; the Fv/Fm fluorescence ratio was used to evaluate chlorophyll condition and the process of
photosynthesis. Studies, such as the one presented in this paper, may be repeated temporally to
monitor the condition over time; each vegetation season is characterized by varied weather conditions
that affect the development of vegetation. Also, the remaining natural and anthropogenic factors vary,
which can be captured through monitoring conducted using remote sensing methods. Estimation of
the condition of vegetation on recultivated polygons is important from the point of reasonableness the
protection of plant cover used by employees of the Park; good condition of vegetation in these areas
confirms the validity of recultivated methods of degraded areas.

Summing up, the condition of reference species was good, but the trampled vegetation had
undergone visible changes. For this reason, based on statistically relevant changes in all the studied
indices, a distribution of species was developed, starting from those that showed the lowest sensitivity
to the trampling stressor to those that presented the greatest variability and sensitivity Festuca picta,
Agrostis rupestris and then Luzula alpino-pilosa. This demonstrated the usability of hyperspectral remote
sensing to evaluate the condition of alpine sward species growing on protected high-mountain areas.
The application of non-invasive field measurements allowed for detailed in situ examinations of
individual species, especially endemic flora, which is particularly valuable. The rates of spectral
reflectance in vegetation growing in reference and recultivated areas were similar, which implies that
recultivation is appropriate. The species under analysis reacted in various ways to trampling; this
is due to their different structure and adaptations to difficult environmental conditions. As far as
trampled plants are concerned, there was a drop in the amount of chlorophyll and water content, as
well as a poorer condition of cell structures and decreased photosynthetic productivity.

Spectral width (full width at half maximum, FWHM) is significant when studying the condition of
alpine sward vegetation; swards may be successfully monitored using hyperspectral airborne imaging,
as well as satellite imaging. Examples of such satellites are WorldView-2 and WorldView-3, where
channels 2 and 5 provide between 450–510 nm and 630–690 nm, are deemed significant in this study.
Also, WorldView-4, featuring multi-spectral blue (450–510 nm) and red (655–690 nm) channels or
RapidEye (blue: 440–510 nm; red 630–685 nm) may be used. However, one should bear in mind the
role of the data’s spatial resolution and the impact of soil reflectance, especially in the case of pixels
located near trails where the vegetation cover is not complete.
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Appendix A

Formula of the Indicator Accuracy

Fv/Fm Agrostis rupestris = 0.627 + 1.92 ×max(0; NDNI–0.171) + 1.93 ×max(0; 0.171–NDNI) – 34.7 ×max(0; CAI+1.93 × 10−3) + 8.14 ×max(0; CAI+1.69 × 10−2) + 1.64 ×max(0;
RARSa –0.583) + 0.285 ×max(0; 0.39–ARVI) – 0.137 ×max(0; 2.12–G) + 6.74 ×max(0; PRI+3.60 × 10−3) + 1.48 ×max(0; PSRI–8.79 × 10−2) – 4.88 ×max(0; 8.79 × 10−2-PSRI) –

1.41 ×max(0; RARSa–0.493) – 0.266 ×max(0; G – 2.48) + 1.57 ×max(0; 1.21–SIPI) + 2.31 ×max(0; NDWI–4.83 × 10−2)

Error GCV = 0.0020
R2 = 0.71

RMSE = 8%

Fv/Fm Luzula alpino-pilosa = 0.942 + 2.52 ×max(0; SIPI – 1.02) + 4.45 ×max(0; 1.02–SIPI) + 1.90 ×max(0; NDNI–0.197) – 4.37 ×max(0; 0.197–NDNI) – 4.12 ×max(0;
RARSa–0.567) – 4.20 ×max(0; WBI–0.936) + 5.88 ×max(0; 0.936–WBI) + 3.79 ×max(0; NMDI– 0.549) – 0.919 ×max(0; 0.549–NMDI) – 0.416 ×max(0; 1.94–G) - 5.55 ×max(0;

ARVI – 0.436) + 2.03 ×max(0; ARVI – 0.406) + 3.54 ×max(0; ARVI – 0.461) + 1.67 ×max(0; NDWI + 1.64 × 10−3) – 1.44 ×max(0; ARVI–0.527)

Error GCV = 0.0014
R2 = 0.83

RMSE = 6%

Fv/Fm Festuca Picta = 0.512 + 0.845 ×max(0; ARVI – 0.435) – 0.256 ×max(0; 0.435–ARVI) – 5.64 ×max(0; SIPI–1.07) + 2.74 ×max(0; 1.07–SIPI) + 2.33 ×max(0; PRI + 1.63 ×
10−2) + 2.93 ×max(0; SIPI – 1.01) – 2.80 ×max(0; PRI + 2.39 × 10−2) – 2.22 ×max(0; NDWI – 3.54 × 10−2) + 7.25 ×max(0; CAI + 1.02 × 10−2) + 0.738 ×max(0; NMDI –0.560)

Error GCV = 0.0001
R2 = 0.96

RMSE = 2%

CCI Agrostis rupestris = 26.0 – 593 ×max(0; NDNI – 0.242) + 89.8 ×max(0; 0.242–NDNI) + 283 ×max(0; NDNI–0.186) + 351 ×max(0; WBI–1.01) – 247 ×max(0; 1.01–WBI) – 308
×max(0; 9.06 × 10−2–PSRI) – 63.4 ×max(0; NMDI–0.519) – 73.6 ×max(0; ARVI – 0.247) + 190 ×max(0; ARVI–0.374) – 37.5 ×max(0; G–1.65) – 18.7 ×max(0; 1.65–G) + 286 ×

max(0; PRI + 4.09 × 10−2) + 145 ×max(0; 0.549–RARSa)

Error GCV = 11.11
R2 = 0.77

RMSE = 6%

CCI Luzula alpino-pilosa = 7.16 + 1140 ×max(0; NDWI–8.20 × 10−2) + 198 ×max(0; 8.20 × 10−2–NDWI) + 31.2 ×max(0; G–2.46) – 351 ×max(0; NDNI – 0.212) – 143 ×max(0;
0.212–NDNI) + 485 ×max(0; NDWI + 4.82 × 10−2) – 391 ×max(0; NMDI–0.539) – 89.2 ×max(0; 0.540–NMDI) + 260 ×max(0; NMDI – 0.582) – 644 ×max(0; 2.53 × 10−2–PSRI) –

153 ×max(0; NMDI – 0.569) + 112 ×max(0; NDWI–5.37 × 10−2) – 2830 ×max(0; NDWI–7.24 × 10−2)

Error GCV = 60.15
R2 = 0.68

RMSE = 7%

CCI Festuca Picta = 51.8 – 17.5 ×max(0; G–2.64) – 14.0 ×max(0; 2.64–G) – 86.8 ×max(0; 0.589–NMDI) + 503 ×max(0; PSRI – 1.77 × 10−2) – 188 ×max(0; 1.77 × 10−2–PSRI) –
237 ×max(0; SIPI–0.989) – 348 ×max(0; –5.62 × 10−3–PRI) + 496 ×max(0; NDNI – 0.205) + 144 ×max(0; 0.205–NDNI) – 399 ×max(0; NDWI – 3.53 × 10−2) + 327 ×max(0;

NMDI–0.551) – 249 ×max(0; PRI + 2.73 × 10−2)

Error GCV = 6.38
R2 = 0.93

RMSE = 4%
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