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Abstract: Drought periods have an adverse impact on the condition of oak stands. Research on
different types of ecosystems has confirmed a correlation between plant species diversity and the
adverse effects of droughts. The purpose of this study was to investigate the changes that occurred in
an oak stand (Krotoszyn Plateau, Poland) under the impact of the summer drought in 2015. We used
a method based on remote sensing indices from satellite images in order to detect changes in the
vegetation in 2014 and 2015. A positive difference was interpreted as an improvement, whereas
a negative one was treated as a deterioration of the stand condition. The Shannon-Wiener species
diversity was estimated using an iterative principal component analysis (PCA) algorithm based
on aerial images. We observed a relationship between the species indices of the individual forest
divisions and their response to drought. The highest correlation between the index differences
and the Shannon-Wiener indices was found for the Green Normalized Difference Vegetation Index
(GNDVI) index (+0.74). In addition, correlations were observed between the mean index difference
and the percentage shares in the forest divisions of species such as Pinus sylvestris L. (P. sylvestris)
(+0.67 £ 0.08) and Quercus robur L. (Q. robur) (—0.65 £ 0.10). Our results lead us to infer that forest
management based on highly diverse habitats is more suitable to meet the challenges in the context
of global climatic changes, characterized by increasingly frequent droughts.
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1. Introduction

Drought affects all forest ecosystem properties. It is therefore essential to improve drought
monitoring by understanding its spatial diversity with relation to tree species diversity, resilience,
and resistance [1]. Apart from light, water availability is the most important factor determining
tree growth [2]. Water shortage influences the biophysical properties of the vegetation, and the
size of this effect depends on the drought duration. For example, water stress results in reduced
photosynthesis rates and stomatal closure, thereby inhibiting the growth of all plant cell types [3].
In forest management, it is therefore crucial to obtain up-to-date information about the actual tree
habitat condition and its changes caused by drought.

A comparison of remote sensing images of vegetation indices from two periods can indicate
a spatial distribution of changes. However, adequate change detection is a challenging issue. Several
methods are available to not only determine differences between images, but also to designate
an appropriate threshold to distinguish regions with and without changes [4]. Of these methods,
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image differencing is the most popular one, where an image from one period is subtracted, pixel by
pixel, from an image from another period [5].

Research on the impact of drought on ecosystems, taking into account different variables,
is important not only for the Central European areas examined in this study, but also for other moderate
climate zone regions, including Scandinavian countries, in which adverse impacts of drought on species
mortality [6] and distribution [7] of forest complexes have been observed. For example, a 10-year
summer drought cycle in southern Finland halted the growth of a 12-year-old oak (Quercus robur L.)
stand, irrespective of the health class [8]. It is therefore important to enhance the long-term resistance
of such stands to water stress, especially as species ranges shift to northern Europe (Scandinavian
countries) and to greater longitudes [9] in the context of global climatic changes. It is expected that in
the timeframe of 50-70 years, the mean drought duration in Europe will become considerably longer.
Climate models indicate that at present, in northern Europe, the mean period without precipitation
is increasing and that from 2070 to 2099, droughts will be markedly longer than in 1961 to 1990 [10].
For example, the maximum duration of the period without precipitation in eastern Finland may
increase from 27 to 39 days (as an average from four models) [11]. Our understanding of the present
and future drought lengths in Europe should be analyzed in the historical context. Droughts were more
prolonged during the Medieval Warm Period (10th-12th century). The occurrence of megadroughts
in north-central Europe was similar in timing, duration, and relative intensity to droughts in the
North America [12]. The most extreme drought in southern England, but also in Central Europe and
Italy, was noticed in 1921 [13]. Other periods of historical droughts were noticed in 1540 (widespread
occurrence of moderate to extreme droughts in central Europe), 1616 (including “dried-up rivers”,
precipitation deficit, and excessive warmth), 1741 (drought over Ireland contributed to the severity of
the “Irish famine”), and the great drought of 1893 over the British Isles and also continental Europe [14].

Also, research on drought response differences between mixed and pure stands has been done
during the past decade. Pine-beech mixed stands were indicated to be an effective stand model for
climate change in drought-prone sites in the Mediterranean region [15]. Species complementarity
may also enhance growth in mixed forests, but competition effects between tree species may override
complementarity advantages at the drought-prone sites [16]. Research on temporal shifts between
competition and facilitation in mixed forests of beech-oak and beech—spruce in Central Europe showed
that the promotion of mixed stands in forest management can improve forest resilience in terms of
growth in the face of climate change [17], but this type of forestry should consider the site’s moisture
and fertility, as well as climatic conditions [18]. If we assume that water is one of many resources
necessary for forest growth, research done during the last two decades has pointed out that species
mixing frequently improves resource supply, uptake, use efficiency, and, as a result, also tree and
stand growth [19-21]. If two species differ in their strategies of space occupation, complementarity
and reduction in competition for resources in mixed versus pure stands is possible [22]. This effect
may increase when one species exerts a positive effect and facilitates the other [23]. It is important
for research studies to take into account the dominant species of the forest stand(s) being considered.
In our case, four species may affect the response for drought in 2015.

Drought tolerance varies among forest tree species. In mixed temperate forests, Scotch pine
(Pinus sylvestris L.) shows the ability to tolerate long-term and short-term periods of drought, which is
related to the morphology, phenology, and adaptability of this species [24]. Q. robur demonstrates
less drought tolerance abilities. In comparison with other oak species in the temperate climate zone,
this species has higher water requirements and is more vulnerable to water stress [25,26]. On the
other hand, Q. robur can also be found on sites with low water availability, for example, on sandy,
nutrient-poor soils [27] or on plateaus and the exposed slopes of well-drained limestone hills [28].
In such habitats, pedunculate oak (Q. robur) shows a high drought tolerance, which ensures its survival,
and is important for the acclimation of Central European oak species to drought stress [29]. Data from
previously established literature indicate that pedunculate oak copes better with drought than red oak
Quercus rubra L. (Q. rubra) [30-32]. The increased drought tolerance of oak habitats that are generally
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lacking in diversity may have been caused by the coexistence of pedunculate oak with an admixture of
red oak, which has adapted to the limited water resources found in the habitats that it often appears.
Despite the fact that both Q. rubra and Q. robur are considered to be highly vulnerable to water stress,
they can occupy habitats with varied water availability, although Q. rubra can also occur in extremely
dry habitats [30,33]. The most drought sensitive among interested trees seems to be Betula pendula
Roth (B. pendula) species. Previous literature indicates that birches are less drought tolerant than
Q. robur [34]. Under natural conditions, B. pendula (silver birch) often resides in cool and wet regions,
including peat-bogs, stream and lake banks, cool and wet forests, and the slopes of cool bays [35,36].
For this species, water deficit may cause significant stress and is dangerous for both adult individuals
and nursery seedlings [37].

This article analyzes the relationship between the stand response to short-term drought and
the species diversity measured by remote sensing methods. It is assumed that species diversity
is an important element influencing stand resilience to different stressors [38]. Variations in the
water regime and the related water shortages caused by reduced precipitation levels are some of
the most important factors that contribute to the development of fungal diseases of trees [39,40].
Fungal infections, such as the one caused by the genus Phytophthora (the HESOFF Life + project,
European Commision grant no. LIFE11 ENV/PL/000459), or the Dutch elm disease caused by
invasive fungal species [41,42] (ELMIAS Life + project, European Commision grant no. LIFE12
NAT/SE/001139), pose some of the greatest threats to natural habitats with ecological and economic
values. For this reason, it is important to explore the specific behavior of individual habitats in response
to a drought-affected season.

Forest stands selected as HESOFF project test areas were affected by Phytophthora pathogen.
The aim of the study was to estimate the influence of phosphite treatments on the health of the affected
forests. In situ and remote sensing measurements were conducted between 2012 and 2015. The results
of the measurements, carried out by traditional methods, unambiguously demonstrated the occurrence
of drought in 2015. The effects of agricultural drought were the greatest in the Wielkopolska region,
where its duration exceeded 100 days. The soil drought was also the most intensive there compared
with the whole country and the soil water deficit lasted for more than 30 days. The climatic water
balance showed that the annual water deficit in 2015 in Wielkopolska—the macroregion where our
test site is located—exceeded 100 mm [43].

In the summer of 2016, field surveys were organized. The residents of the surrounding lands
confirmed exceptional water shortages in their wells in the previous season (on average, 2.5 times lower
water levels). The drought impact affected surveys of the health of oak stands that were conducted
every month of the growing season and this was a reason that we decided to estimate this impact.
Consequently, vegetation seasons in 2014 and 2015 were selected for this study.

To analyze the stand response to drought, 15 forest complexes near Leszno, Poland, were
designated and, using remote sensing techniques, their species diversity and the changes in vegetation
indices between 2014 and 2015 were measured. Subsequently, taking into account the species diversity
index and other habitat variables, the impacts of drought on the condition of the examined stands
were analyzed.

2. Materials and Methods

2.1. Vegetation Indices Change Threshold

A comparison of remotely sensed data for various points in time demands the use of normalized
data, where errors and discrepancies caused by sensor and sun locations as well as atmospheric,
plant, or soil components are eliminated [44]. The method was found to be efficient for land-cover
changes [45] or the mapping of crop plantations [46]. A technique based on differential images was
successfully used and recommended for operational application in forests, using the vegetation indices
calculated from surface reflectance level products [47] in a habitat suffering from oak dieback [48,49].
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The use of the multiplicity of the standard deviation as a change/no change (f0) (standard deviation)
threshold is also a popular approach [5,50].

In our research, the following four steps were carried out [49] for images located on path 190,
row 24, of the Landsat system.

Step 1. For further analysis, a set of 10 commonly used remote sensing vegetation indices
was prepared: Enhanced Vegetation Index (EVI) [51], Modified Soil-Adjusted Vegetation Index
(MSAVI) [52], Normalized Burn Ratio (NBR) [53], Normalized Burn Ratio 2 (NBR2) [53], Normalized
Difference Moisture Index (NDMI) [54], Normalized Difference Vegetation Index (NDVI) [55],
Soil-Adjusted Vegetation Index (SAVI) [56], Green Normalized Difference Vegetation Index
(GNDVI) [57], Atmospherically Resistant Vegetation Index (ARVI) [58], and Blue-Normalized
Difference Vegetation Index (BNDVI) [59]. Of these, NDVI is the most popular index used for drought
analysis, based on both low-resolution and medium-resolution data [38,50,60,61], as it uses the basic
channels registered from the satellite ceiling, i.e., red and near-infrared.

Step 2. The mean values of the vegetation index images for selected forest areas for 2015 were
subtracted from those for 2014 to determine the differences between these years. For 2015, the following
images were taken, as described with a Julian day and a growing season day in brackets: 111 (14),
127 (30), and 223 (126), while for 2014, they were 92 (6), 140 (54), 156 (70), and 188 (102). A cloud mask
was used to eliminate the influence of pixels that were not covered by vegetation, and their shadows
were taken into account [62].

Step 3. For all pixels, the mean and the standard deviation were calculated.

Step 4. The mean AVIj4 5 difference, calculated as the first step, was reduced by the mean VI
and divided by the standard deviation Ao of all the pixels resulting from the differential vegetation
index of relative change:

AVI — AVl 15 — W,

Ao )

2.2. Determination of Regions of Interest (ROIs)

The forest properties were analyzed in 15 different habitats, which were selected on the basis of
Landsat imagery, using Forest Data Bank (FDB) maps showing forest divisions according to dominant
species as a reference. The regions of interest included Q. robur specimens selected for the HESOFF
project: DBB 126, DBB 96, DBB 130c, and DBB 130a (Figure 1) [63]. The other regions were selected to
cover the ortho photomaps to a maximum extent and were derived from photogrammetric products
generated in the project [64]. Only 15 out of the 20 selected polygons were used to elaborate the
research method (Section 2.3). Of these, 10 were deciduous forests dominated by oak and five were
coniferous (two larch forests and three pine forests). The analyzed stands were located in the Karczma
Borowa Forest District, near the City of Leszno, in southern Wielkopolska (Poland). All 15 regions of
interest (ROISs) are described in Table 1, providing information about the tree and understory coverage,
the soil type of the forest habitat, and the properties of dominant tree species, such as age, diameter
at breast height (DBH), height, and wealth (abundance of the stand). The name of the region was
obtained from the Forest Data Bank. The dominant species, including age, were specified as follows:
DBB for Q. robur, DBC for Q. rubra, MD for Larix sp. Mill., and SO for P. sylvestris. Based on Digital
Terrain Model information, we may assume that the depth of groundwater is constant for the whole
area. Also, water sources such as streams, lakes, or ponds are not present on our test site. The nearest
stream is located 2.1 km to the east from our test site, mainly outside the forest complex.

This study follows the assumptions that the main differentiating factors for our 15 forest complexes
are: (1) dominant species, (2). diversity of the species, and (3) soil type.



Forests 2018, 9, 126

50f22

Table 1. Environmental tree parameters (Forest Data Bank). Dominant species name with its age: DBB for Q. robur, DBC for Q. rubra, MD for Larix sp., SO for

P. sylvestris (the abbreviations come from polish names of dominant species and are used in polish Forest Data Bank). Soil type according to the Polish forestry

nomenclature: OGw—rain-dependent gley soil; Gw—groundwater-dependent gley soil; Pw—lessive soil; BRk—acid brown soil; RDbr—rusty brown soil; due to its

mineralogical composition, it is most permeable in our analysis. ROI—region of interest; DBH—diameter at breast height.

Properties of Dominant

Age of Tree Species

. Tree Understory Species
ROI Area "1? ol Coverage  Coverage Tree  Tree Picea abies Fagus Carpinus
(ha) ype (%) (%) DBH  height St30Ck Quercus (L) H.Karst  sylvatica L.  betulus L. Quercus . Larix Pinus . Betula
(cm) m) (m>/ha) robur (P. abies) (E sylvatica)  (C. betulus) rubra sp. sylvestris  pendula
DBB 126 14.9 Gw 100 60 42 33 509 126 126 - - - - - -
DBB 129 6.8 RDbr 80 70 46 32 550 129 - 129 101 - - - -
DBB 130a 7.1 RDbr 100 50 43 31 586 130 - - 130 - - - -
DBB 130b 2.7 RDbr 100 40 44 31 466 130 130 - - 130 130 130 -
DBB 130c 42 RDbr 100 70 42 31 411 130 66 66 - 130 130 130 -
DBB 139 15.0 BRk 90 60 49 32 554 139 139 - 139 - 81 139 -
DBB 140 3.1 RDbr 100 40 45 33 118 140 0 140 - 140 140 - -
DBB 83 6.7 BRk 100 50 27 25 346 83 - - - - 83 83 83
DBB 96 5.9 RDbr 90 20 35 30 390 96 51 130 - - - - -
DBC 120 7.0 RDbr 70 10 47 32 411 - - - - 120 120 - -
MD 50 1.7 RDbr 110 40 25 26 194 - - - 36 - 50 50 -
MD 79 2.0 RDbr 110 80 40 34 509 - - - 79 - 79 - -
SO 100 2.6 RDbr 110 10 34 28 309 100 26 - - - - 100 -
SO 105 4.5 BRk 90 30 39 28 386 105 - - 105 - 105 105 105
S0 27 3.7 OGw 110 20 11 14 152 27 27 - 27 - 27 27 27
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Figure 1. Map of the research plot in the Karczma Borowa Forest District in the adopted World Geodetic
System 84 (WGS 84) reference system. The red color denotes the region of interest (ROIs) adopted in
accordance with the divisions of the Forest Data Bank (FDB). The blue color denotes the positions of
sample tress set out by the Forest Research Institute (Q. robur). Dominant species name with its age:
DBB for Q. robur, DBC for Q. rubra, MD for Larix sp., SO for P. sylvestris.

2.3. Estimation of Changes in the Condition of Forest Complexes between 2014 and 2015

The satellite data from the Landsat-8 Operational Land Imager (Landsat-8 OLI) series, products
at the level of surface reflectance, were acquired from the ESPA server (https://espa.cr.usgs.gov/
ordering/new /) and provided the basis for calculating the differences in indices between 2015 and
2014. These were multispectral data, imaging the land surface from visible light (400-760 nm) through
near-infrared (750-1500 nm) to mid-infrared (1500-2600 nm). The calculation of indices, on the basis
of spectral channels registering the reflectance of particular wave types, is frequently applied to
process the particular wave types, since their values are correlated with changes in the properties
of the vegetation, rocks, or water. Knowledge of the specificity of the individual indices and their
relationships with changes in the biophysical variables of vegetation enables the monitoring of its
condition and, thus, of the specific impacts of stressors.

2.4. Segmentation of Tree Crowns in Aerial Images

The segmentation of tree crowns consisted of determining single crowns from the differential
elevation model nDSM (Digital Surface Model (DSM) minus Digital Terrain Model (DTM)) (Figure 2).
This model was generated from a point cloud established from the matching of the acquired images,
using the QUERCUS.6 platform with a GSD (ground sampling distance) of 0.25 m [64]. To acquire
a differential model, a point cloud acquired from images taken outside of the growing season
(deciduous trees had no leaves) was filtered, enabling terrain observations—this model was used to
generate the DTM. The DSM model was generated from images taken in the course of the vegetation
season; in this case, a cloud point represented tree crowns. The project did not include an accuracy
analysis of the determined heights of single trees. In accordance with Pitkdnen et al. (2004) [65],
a systematic height error (with height representing the highest point of the crown) can be expected at
a level of 1 m for data from airborne scanning (LIDAR: light detection and ranging). In the case of
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models originating from the matching of images with a GSD of 0.25 m, this error should be higher by
a factor of about 1.5-2 for tall trees. In the investigated area, maximum tree height was about 3040 m.

Figure 2. Segmentation in the case of ROI SO 100 (Figure 1). (a) Orthophotomap—a RGB composition
in natural colors, (b) An elevation model acquired as a result of the matching of images, (c) The
particular tree crowns were determined using segmentation based on the watershed algorithm.

At present, several algorithms are applied to detect treetops and to determine the range of tree
crowns. Among them, methods based on a search for local maxima prevail. In the research proposed
here, the watershed algorithm [66] was used. The operating principle of this algorithm consists in
reversing the crown model by multiplying the values recorded in the pixel by —1 (the tops become
hollows). In the model thus created, the algorithm seeks out micro-catchments-imitating water spillage.
The point with the lowest values is determined as the top. The boundaries of such a catchment are
considered to be the boundaries of the tree crown [67,68]. In addition, the variables determining the
minimum height of the tree crown (only trees taller than 15 m were analyzed) and the minimum height
of the tree crown were applied. In view of the variables applied, the results of the segmentation for
areas dominated by coniferous trees were unsatisfactory. In light of this, further analyses omitted for
regions SO110b, SO110a, SO93, SO63, and SO80 (Figure 3B).

| Leceno
0,98
D 0,00

Figure 3. Surface representation of the mean Green Normalized Difference Vegetation Index (AGNDVI)
differential index between 2014 and 2015 (a). The mean value of the GNDVI differential index for
2014 and 2015 for all ROIs (b). The green color denotes the Shannon-Wiener diversity index values
exceeding 0.60, the grey color represents those between 0.20 and 0.60, the orange color represents those
below 0.20. Products at the surface reflectance level Landsat-8 OLI were used as source data. The study
did not consider mixed pixels at the boundary of divisions. An improvement in the condition of trees
is represented by the green color, while its deterioration is indicated by the orange color.
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2.5. Estimation of the Species Diversity Index

The species diversity in a given ecosystem or in a designated area may be estimated by measuring
two variables: (a) species richness (number of species) and (b) the evenness of individuals of a given
species in an ecosystem. These two variables are reflected by the Shannon-Wiener diversity index,
which is commonly used in ecological research [69].

The measurement of species diversity using remote sensing methods is based on both a factor
analysis of multispectral images [70,71] and digital modelling of the land cover [72]. Time-related
analyses of changes observed in both reflectance [73] and in vegetation indices [74] play a special role
in environmental studies.

In this paper, the method used to estimate the tree species diversity index in individual forest
divisions was based on analysis of multispectral images acquired in July 2015, using the QUERCUS.6
multi-sensor platform [64,75,76]. Imaging was performed in six optical channels within the visible
light and near-infrared ranges. An algorithm for an iterative application of a factor analysis of
multispectral images was used in post-processing [49,75,77]. Six-dimensional color space was reduced
using Principal Component Analysis (PCA) to a two-dimensional Principal Component Plane (PCP)
covering over 99.5% color variability. Iso Cluster Unsupervised Classification (ISOCLASS) algorithm
was used for reduced data classification. Spectral signatures of certain species were also projected on
PCP for classes interpretation. This post-processing method was described in detail in Kotlarz et al.
2016 [77] and Kotlarz and Kacprzak 2017 [78].

As a result of the image classification of an image, the following is determined: (a) the number of
classes, including number (1) of classes with mean pseudo-signatures interpreted as biomass, and (b)
the share of the quantity of the determined crowns attributed to a given species in all tree crowns. These
data can be regarded as estimates of the variables determining the species diversity of the ecosystem
in terms of (a) species richness and (b) species evenness. This provides the entire information needed
to calculate the Shannon-Wiener diversity index H, which is defined as follows (Equation (2)) [79]:

H=-Y" pin(p), )

where 7 is the estimate of species richness and p; is the estimate of species evenness.
An iterative PCA analysis was carried out separately for each forest division in order to assign
an appropriate tree species diversity index to each division.

2.6. A Comparison of Inventory-Based Stand Characteristics in ROIs and Their Species Diversity with the
Changes Observed between 2014 and 2015

A correlation analysis was carried out to identify the relationship between the occurred changes
and the habitat variables related to the species diversity of the stands. Pearson’s correlation coefficient
was calculated to determine the relationship with the species diversity of tree crowns H, the shares of
particular species (Table 2), and the tree variables (Table 1).

In addition, to gain a better understanding of the specificity of the observed changes,
the differences and the standard deviations between the indices in 2014 and 2015 were calculated.



Forests 2018, 9, 126 9 of 22

Table 2. Shannon-Wiener species diversity index (H) and the shares of the identified species in forest
divisions (the results based on analyses of aerial images, see Section 2.4). Dominant species name with
its age: DBB for Q. robur, DBC for Q. rubra, MD for Larix sp., SO for P. sylvestris. FDB: Forest Data Bank.

Share of Particular Species in a Forest Division (%)

FDB
Region H (%) Quercus  Picea Fagus Carpinus  Quercus  Larix Pinus Betula
robur abies  sylvatica  betulus rubra sp. sylvestris  pendula
DBB 126 494 99.14 0.86 - - - - - -
DBB 129 8.06 98.64 - 091 0.45 - - - -
DBB 130a 6.39 98.83 - - 117 - - - -
DBB 130b 82.94 72.86 1.18 - - 17.70 1.18 7.08 -
DBB 130c 86.03 74.40 0.88 3.06 - 11.16 10.28 0.22 -
DBB 139 7.61 98.89 0.27 - 0.37 - 0.32 0.16 -
DBB 140 53.30 87.23 3.19 6.91 - 0.53 1.60 - -
DBB 83 68.61 74.33 - - - - 242 22.40 0.85
DBB %6 25.53 93.54 5.17 0.90 - - - - -
DBC 120 22.78 - - - - 93.97 6.03 - -
MD 50 88.24 - - - 8.06 - 58.60 33.33 -
MD 79 25.89 - - - 7.20 - 92.80 - -
SO 100 71.25 21.65 5.15 - - - - 73.20 -
SO 105 53.93 14.47 - - 1.28 - 0.18 83.15 0.92
SO 27 48.13 0.42 0.72 - 0.55 - 0.12 85.95 12.23

2.7. Different Forest Trees Species Features Related to Drought
2.7.1. Quercus robur

Although it has less drought tolerance, Q. robur can also be found on sites with low water
content [27,28]. Experimental data acquired under controlled greenhouse conditions also show good
drought tolerance of pedunculate oak. The results indicate that under the conditions of progressive
drought, plants demonstrate intensive adaptation mechanisms, consisting of the alignment of the
physiological potential of leaves [80,81]. In Q. robur, drought causes biomass allocation, leading to
reduced foliage in favor of small roots. This seems to be the most important process of the acclimation
of oak species to water deficit. At the level of leaves, the acclimation to drought stress consists in
osmotic regulation to achieve resistance to dehydration. However, these processes generally occur
under moderate drought stress rather than under strong drought stress [26].

Urli et al. (2015) [82] also assessed the ecophysiological response of Quercus ilex L. (Q. ilex) and
Q. robur to drought and their vulnerability to dehydration stress under field conditions. Their research
indicated that despite limited water availability, the abundance of Q. ilex was comparable to that of the
control stand, whereas the abundance of Q. robur dramatically fell as water availability deteriorated.
These authors claimed that the different species responses might be caused by the differences in
the structure and operation of their hydraulic systems. Q. robur demonstrated the threshold water
transport variables in contrast to Q. ilex, in which the transport level was satisfactory—this probably
makes pedunculate oak extremely vulnerable to drought [82]. In the context of increased drought
frequency and intensity, the findings by Urli et al. (2015) [82] suggest that in the face of progressive
climate change, the Q. robur population may be at risk.

2.7.2. Quercus rubra

In Poland, Q. rubra is considered to be an alien species and is characterized by a higher tolerance
to drought and frost than native oak species. According to the literature, Q. rubra is a species with
a low drought tolerance [83] and is best adapted to habitats with moderate or well-balanced moisture
conditions [84]. In Polish stands, it usually constitutes a production or biocenotic admixture or may
occur in the form of a homogenous stand [85]. Genetic differences between oak species in drought
tolerance can also be seen within a species from a specific geographical location. Research carried
out in central Pennsylvania demonstrated that Q. rubra growing in extremely dry habitats had both
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physiological and morphological features of drought tolerance in contrast to the same species in
habitats with higher moisture levels [33].

Under water deficit conditions, Q. rubra can demonstrate changes in hydraulic conductance
by adjusting stomata openings at values below —2.3 MPa [32]. Parker et al. (1982) compared the
resistance of Quercus alba L. (Q. alba), and Q. rubra to water stress [86]. Both species responded with
a change in the osmotic potential in leaves under the impact of drought, and the closing of stomata
was triggered by a turgor potential of 0.2 MPa for Q. alba, whereas the respective value for Q. rubra
was 0.4. Hinckley et al. (1978) also observed the closing of stomata at higher values of the osmotic
potential in red oak than those for white oak, indicating that Q. alba was more capable of adapting to
drought than Q. rubra was [87]. Despite the fact that, as indicated in the literature, it is a typical species
which avoids drought [88], our research demonstrated its positive effect on the drought resistance of
habitats with addition of Q. rubra.

2.7.3. Pinus sylvestris

The results of the analysis of remote sensing indices also demonstrate that an enhanced share of
Scotch pine increases the drought resistance of forest ecosystems, which has also been confirmed by
the scientific community and forestry experiments. Scotch pine is a species with a demonstrated ability
to tolerate long-term and short-term changes in water availability. This is related to the morphology,
phenology, and adaptability of this species. Under the conditions of increased water deficit, pine
development is negatively impacted, resulting in changes in tree morphology, such as reduced height,
changes in tree form, leaf shape, and size, and altered wood anatomy [24]. Prolonged drought
decreases the growth rate of Scotch pine, which is reflected by its reduced DBH. In short drought
periods, a reduced height may not be noticed. This is related to the phenology of the pine: needles
remain on the tree for one to five years; therefore, seasonal drought may not have any adverse effects
on tree development [89]. Moreover, pine often colonizes dry habitats, such as dunes. Pine species are
adapted to such habitats since their roots are characterized by a taproot structure, enabling the trees to
take up water, along with mineral salts, from deeper soil layers, thereby helping the trees to survive
short-term droughts.

2.7.4. Betula pendula

The analysis of areas containing birch yielded disputable results. Although the obtained results
concerned only three out of the fifteen examined divisions, they indicated that the drought resistance
of forest stands increased with increasing numbers of B. pendula. Scientific research indicates that birch
leaves are vulnerable to water stress [81], and the species demonstrated severely reduced growth as
a result of mild water stress. In addition, in the course of a drought during daytime hours, birch leaves
did not show any significant accumulation of dissolved substances, which caused a drop in the water
potential in the leaves; we therefore assume that growth during daytime is constrained by low turgor.
When subjected to water stress, the plants showed reduced growth and low stomatal conductance.
No mechanisms for adapting stomata to drought stress could be seen. After water had been supplied
to the plants, a slow regeneration of the stomata occurred [81]. In turn, Ranney et al. (1990) observed
that stomata responded directly to water deficit in leaves [90]. Humphries et al. (1982) also found
that B. pendula had low water stress tolerance [91]. The authors found a higher mortality of B. pendula
seedlings under less intensive water stress compared to that of Buddleja davidii Franch (B. davidii) under
more severe drought [91].

3. Results

3.1. Habitat Characteristics

In our study region, 10 out of 15 investigated stands grew on rusty brown soils. Two oak stands
and one pine stand grew on acid brown soils; there were two stands on gley soils: one pine stand and
one oak stand. Very dense tree cover dominated (with a median of 100%); most of the trees were older
(with a median of 126 years for oaks and 100 years for pines). Table 1 shows the detailed results.
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3.2. Species Diversity Indices of Tree Crowns in the Particular Forest Divisions

In the evaluated forest divisions, tree crown classes corresponding to the following species or
genera were determined: Q. robur (with a mean share in the biomass of a single ROI of 55.7%),
P. sylvestris (21.2%), Larix sp. (11.6%), Q. rubra (8.2%), C. betulus (1.3%), P. abies (1.2%), B. pendula
(1.1%), E. sylvatica (0.8%), Pseudotsuga menziesii Carriere (<0.1%), and Tilia sp. L. (<0.1%). Divisions
with the highest species diversity indices H included MD50 (0.882), DBB 130c (0.860), and DBB 130b
(0.829). Here, the relatively high diversity indices resulted from large admixtures of red oak (10-20%)
and larch (>10%) in stands dominated by pedunculate oak (70-75%) or a substantial admixture of
Scotch pine (>30%) in stands dominated by larch (>55%). The more homogenous divisions (H < 0.100)
were dominated by pedunculate oak (DBB 126, DBB 129, DBB 130a, and DBB 139). Table 2 shows the
detailed results.

3.3. Coefficients of Correlation between the Characteristics of ROIs and Their Responses to Drought

Table 3 presents the relative values of change in calculated differences for 10 well-known
vegetation indices. The results are values which represent a relative improvement or a deterioration
of the stand condition in the course of one year for the particular divisions without prejudging the
nature of the causes that produce the phenomena (including short-term drought). Values in the range
from —1 (o) to +1 (o) are interpreted as the absence of a change in the examined stand [5,50]. Negative
results indicate that the environmental conditions caused by drought have brought about an adverse
change in the stand. Positive values correspond to stands that are more resistant to stressors. The most
important factor that determines the stand response to drought is the forest type: forests dominated by
coniferous species respond in a different manner (better) to water stress than deciduous stands.

The statistics summing up the occurred changes include the mean and the standard deviation for
all indices (Table 3). When calculated for the rows of Table 3, i.e., for the particular forest divisions,
they represent the mean response of the forest divisions to drought and the differentiation of this
response for selected indices.

The results of the Pearson’s correlation between the observed changes in the stand condition and
the environmental indices indicate the following relationships:

e A strong positive correlation between the Shannon-Wiener species diversity of tree crowns and
the particular vegetation indices differences (AVIs); the mean value of the correlation is 0.66
(4:0.083); the strongest correlation (+0.73, r*> = 0.54; p-value < 0.005) occurred for the AGNDVI
differential index (Figure 4a), while the lowest one could be observed for ANDMI (+0.57).

e A strong negative correlation between the percentage share of the tree crowns of the Q. robur
species and the particular AVIs. The strongest relationship (with a correlation coefficient of —0.69,
? = 0.48) was found for the correlation with the AMSAVI index (Figure 4b).

e A strong positive correlation between the percentage share of the tree crowns of the Pinus sp. and
the particular AVIs. The strongest relationship (with the correlation coefficient of +0.72, > = 0.53)
was found for the correlation with the ANDMI index (Figure 4c).

A statistically significant correlation for some indices was found for B.pendula (e.g., for AMSAVI,
with a correlation coefficient of +0.56); however, the quantitative representation of this species is
relatively small, necessitating caution in interpreting the results.

Highly significant correlations were found for all differential indices in relation to the following
four variables: age, DBH, height, and stock. This confirms the results of the previous research carried
out in this area, which demonstrated the relationship between the age of a stand and its resistance
to drought.

Table 4 shows the detailed results in terms of the correlation between the differential and
environmental indices.
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Figure 4. (a): Diversity index H in relation to the value of the AGNDVI index; (b): percentage share
of the Q. robur species in relation to the value of the AMSAVI index; (c): percentage share of the
P. sylvestris species in relation to the value of the ANDMI index. Coefficients of determination (%)
indicate that AGNDVI index was predictable from H index (positive correlation), AMSAVI index was
predictable from the percentage share of the Q. robur species (negative correlation), and ANDMI index

was predictable from the percentage share of the P. sylvestris species (positive correlation).
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Table 3. Values of differential vegetation indices for each forest region.

13 of 22

FDB id AEVI AMSAVI ANBR ANBR2 ANDMI ANDVI ASAVI AGNDVI AARVI ABNDVI MEAN D::f;?:;io_)
DBB 126 —0.91 —0.92 —0.94 —-0.79 —0.92 —0.93 —0.91 —0.83 —0.89 —0.99 —0.90 0.06
DBB 129 —0.74 —0.76 —0.76 —-0.73 -0.73 —0.81 -0.77 —0.67 —0.80 —0.78 —0.76 0.04
DBB 130a —0.54 —0.55 —0.34 -0.29 -0.32 —0.54 —0.54 —-0.33 —-0.47 —0.66 —0.46 0.13
DBB 130b 0.67 0.66 0.72 0.80 0.59 0.36 0.62 0.63 0.42 0.28 0.58 0.17
DBB 130c 0.30 0.27 —0.28 —0.08 -0.37 —0.05 0.31 0.20 —0.08 0.02 0.02 0.24
DBB 139 —0.69 —-0.71 —0.46 —0.58 —0.45 —-0.39 —0.65 —0.65 —0.44 —0.30 —0.53 0.14
DBB 140 0.16 0.13 0.34 0.50 0.13 0.42 0.20 0.46 0.42 0.41 0.32 0.15
DBB 83 0.70 0.70 0.22 0.60 0.13 0.53 0.72 1.03 0.52 0.57 0.57 0.26
DBB 96 —0.86 -0.87 —0.69 —-0.72 —0.68 —0.76 —0.86 —0.78 —0.75 —-0.79 —0.78 0.07
DBC 120 0.70 0.72 —0.10 —0.06 -0.15 —-0.23 0.62 0.03 -0.25 —-0.12 0.11 0.40
MD 50 1.29 1.28 1.64 1.45 1.54 1.52 1.31 1.01 1.52 1.42 1.40 0.18
MD 79 —0.44 -0.36 -0.20 —-0.43 -0.25 —0.20 —0.48 —0.80 -0.23 —-0.25 —0.36 0.18
SO 100 0.20 0.30 -0.10 —0.44 0.02 0.01 0.20 0.07 —0.08 0.21 0.04 0.22
SO 105 0.42 0.42 0.98 0.64 1.00 0.86 0.41 0.28 0.89 0.70 0.66 0.26
SO 27 1.70 1.74 1.46 1.41 1.59 1.46 1.69 1.24 1.45 1.49 1.52 0.16
MEAN 0.13 0.14 0.10 0.09 0.08 0.08 0.12 0.06 0.08 0.08 - -
o 0.81 0.81 0.79 0.76 0.78 0.77 0.81 0.72 0.77 0.76 - -

EVI: Enhanced Vegetation Index; MSAVI: Modified Soil-Adjusted Vegetation Index; NBR: Normalized Burn Ratio; NBR2: Normalized Burn Ratio 2; NDMI: Normalized Difference
Moisture Index; NDVI: Normalized Difference Vegetation Index; SAVI: Soil-Adjusted Vegetation Index; GNDVI: Green Normalized Difference Vegetation Index; ARVI: Atmospherically

Resistant Vegetation Index; BNDVI: Blue-Normalized Difference Vegetation Index.
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Table 4. Pearson’s coefficient of correlation between vegetation indices differences (AVIs) and the shares of particular species in forest divisions and for taxonomic
data (* for p-value < 0.05, ** for p-value < 0.005).

AEVI  AMSAVI ~ANBR  ANBR2 ANDMI ANDVI ~ ASAVI AGNDVI AARVI  ABNDVI  MEAN o
H 0.67 * 0.66 * 0.61* 0.64 * 0.57 * 0.66 * 0.68 * 0.73 % 0.65 * 0.68 * 0.66 0.042
Q. robur —0.67*  —069*  —046* 015  —0.66*  —063*  —065* 042  —061*  —064* 061 0083
P. abies ~0.1 -0.1 ~0.1 —02 ~0.1 -0 ~0.1 ~0.1 -0.1 -0.1 —017  0.034
F. sylvatica -0.0 -0.0 -0.0 0.04 ~0.1 0.01 ~0.0 0.09 0.01 0.02 —001 0.6l
C. betulus 0.17 0.18 0.38 0.27 0.36 0.35 0.17 0.05 0.35 0.31 0.26 0.112
Q. rubra 0.23 0.23 -0.0 -0.0 -00 -00 0.20 0.03 ~0.1 -0.0 0.03 0.140
Larix sp. 0.07 0.08 0.19 0.11 0.17 0.19 0.06 -0.0 0.18 0.16 0.12 0.083
P. sylvestris 0.60 * 0.62* 0.65 * 0.53 * 0.72 % 0.67 * 0.61* 0.54 * 0.66 * 0.69 ** 0.63 0.061
Tilia sp. 0.01 ~0.0 0.08 0.14 0.01 0.12 0.02 0.15 0.12 0.12 0.08 0.061
B. pendula 0.55 * 0.56 * 0.50 0.50 0.56 * 0.52* 0.56 * 0.48 0.52* 0.54* 0.53 0.029
Pseudotsuga ~0.34 ~0.34 ~0.28 ~0.29 ~0.27 ~0.30 ~0.34 ~0.32 ~0.30 ~0.32 —031  0.027

menziesii Carriere

Tree coverage (%) 0.29 0.30 0.40 0.37 0.41 0.46 0.31 0.35 0.45 0.44 0.38 0.064

Understory ~0.46 —047 ~0.37 ~031 ~041 ~0.33 ~045 ~0.39 ~0.33 ~0.37 —039  0.056

coverage (%)

Age (years) —062*  —0.63*  —064*  —058*  —068*  —067*  —062*  —051*  —066*  —067*  —063 0052
Tree DBH (cm) —066*  —0.67*  —064*  —0.63*  —068*  —07*  —067*  —0.65%* = —069%  —07* —067 0025
Tree height (m) ~ —072*  —073*  —0.67%  —067* —073%  —072%  —073*  —071*  —071*  —073*  —071 0023

Tree stock (m3/ha) ~ —071*  —0.71*  —0.69*  —070*  —0.67*  —076*  —072*  —074*  —074*  —078*  —072  0.033
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4. Discussion

Based on our results, we can draw conclusions about the impact of drought on stand resistance,
assessed via the following factors: habitat conditions, species diversity, and the dominant species in
the stand. The highest correlations between the differential indices and the Shannon-Wiener index
were observed for GNDVI (+0.74), BNDVI (+0.68), and SAVI (+0.68).

We found no relationship between the differential indices and the indices demonstrating tree
and understory coverage. However, a statistically significant relationship was found for the variables
characterizing the dominant species in a given stand for all analyzed AVIs. The resistance to drought
increases with decreasing diameter at breast height (DBH), height, and abundance.

4.1. Species Diversity

Divisions MD50 and SO27 were characterized by the highest resistance to drought. These habitats
had the youngest stands and thus the lowest DBH, age, and abundance. At the same time, division
MD50 showed the highest species diversity index (88.24%), while SO27 had the largest share of Scotch
pine. It should be noted that Nasitowska et al. (2017) [49] indicated both species diversity and the
share of Scotch pine within a division as factors enhancing the response to drought. In turn, the values
of indices decreasing within the ranges (—0.79 to —0.99), (—0.67 to —0.81), and (—0.68 to —0.87) could
be seen for divisions DBB 126, DBB 129, and DBB 96, evidencing a negative trend in the development
of the local vegetation. These were the divisions with the lowest species diversity index values (all
below 9.0%) and Q. robur as the dominant species.

When comparing the indices H of all divisions with the corresponding differential indices, a mean
correlation coefficient of +0.66 (£0.042) was obtained, confirming a decisive effect of H parameter
on the stand response to drought. It should be pointed out that the study on the impact of species
diversity on the stand response to drought could not consider the simultaneous effects of factors such
as forest type or dominant species, and it was only a simultaneous analysis of the index H and the
other habitat variables that ensured a full description of the reasons for the behavior of stands under
stress conditions. However, our results also show exceptions to this general trend.

Two divisions with a low diversity index, i.e., DBB 130a (H = 0.064) and DBB 139 (H = 0.076),
demonstrated higher drought resistance than a division with higher diversity, i.e., DBB 96 (H = 0.26).
This could have been caused by a poor understory in division DBB 96 and a small percentage share of
additional species in the oak stand (<7.0%). This example shows that one must not interpret the index
H uncritically, as it is sensitive to the number of scarce species in a stand.

4.2. Dominant Species

The percentage share of the determined tree species was significantly (p-value < 0.05) correlated
with AVIs for most indices only for Q. robur (—0.63 & 0.04) and B. pendula (+0.55 = 0.02), as well as
for all indices for P. sylvestris (+0.63 £ 0.096). This result indicates that the resistance of forest stands
to drought increased as the percentage share of Q. robur diminished and the shares of B. pendula and
P. sylvestris increased.

Two notable observations in the literature regarding Q. robur may be confirmed by our results.
Q. robur monocultures are less resistant to drought than Q. rubra and P. sylvestris monocultures.
Oak stands with Q. robur share >98% had mean AVIs below —0.46, for one Q. rubra monoculture
the AVI was equal to +0.11 and for two P. sylvestris monocultures the AVIs were higher than +0.66.
Very interesting is the influence of soil type on the almost pure oak stands. The lowest values of the
differential indices, just below the interpretation threshold (—0.99 for the ABNDVI), were found in
DB126, a 126-year-old homogenous (H = 49.0%) oak stand. Among the analyzed oak divisions with
low diversity, it was the only one situated on gley soils. In non-drought periods, these soils favor
the growth of wet forests and cause the development of more shallow root systems as a result of
gleying [92], thus creating ecosystems that are more vulnerable to water stress. During drought periods,
these soils are characterized by an exceptional water deficit, leading to water stress in plants [93].
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The second phenomenon that was observed on our test site was reducing foliage in favor of small
roots, which is probably part of the process of the acclimation of Central European oak species to
drought stress. This is confirmed by the highest significance of the correlation between the percentage
share of Q. robur and the NDMI differential index.

Comparison between Q. robur monocultures and mixed stands show large difference between
corresponding AVIs: below —0.46 for monocultures and near 0.00 or +.0.57 for mixed stands.
Mixed stands with relative small admixtures of Q. rubra or P. sylvestris seem to be most resistant
to drought (>0.57). For an oak—pine mixed stand, but with inverse proportions, the AVI was
average (+0.04).

In areas DBB 130b and DBB 130¢, where Q. robur dominated with a share of Q. rubra (17.7% and
11.16%, respectively), a higher drought tolerance was found than in areas with higher biodiversity,
such as DBB 96. Despite the fact that, as indicated in the literature, it is a species that typically avoids
drought [88], our research demonstrated that, when found alongside the addition of Q. rubra, Q. robur
appeared to have positive effects on the drought resistance of habitats. This study found that areas
overgrown by pedunculate oak, with an admixture of Q. rubra (DBB 130b and DBB 130c), had a higher
drought tolerance than areas without Q. rubra. This might also be related to the habitat requirements
of both oak species. Q. robur is a species with high soil requirements, as it prefers rich soils, such as
brown and lessive soils and black earths, whereas Q. rubra develops well on poorer soils, such as
clayey sands and sandy soils [94]. On the Krotoszyn Plateau, the areas under study were dominated
by low-fertile gley soils, to which red oak was considerably better adapted than pedunculate oak.
Vivin et al. (1993) found that the richness/fertilization of a habitat had a significant impact on the
growth and development of Q. robur and Q. rubra under water deficit conditions [95]. Under the
impact of a prolonged drought, the mortality of young Q. robur specimens was higher than that of
Q. rubra and, on this basis, the authors noted that Q. rubra was a species with a higher tolerance to
drought stress than Q. robur. They also found that both species coped better with drought stress if
mineral fertilizers were provided, which was probably related to the osmoregulation mechanism in
the case of a low water potential [95].

Our results confirmed that P. sylvestris monocultures are drought resistant. The worse difference
index observed for the pine stand with oak admixture (21.65%) should be the subject of future research.

These observations will help add to the data from previous literature, since an assessment of the
vulnerability of trees to drought is of major importance for improving the forecasts of the dieback of
forests and species under the impact of climate change. This topic is very complex, because favorable
climatic periods that allow for abundant tree growth may result in structural overshoot of aboveground
tree biomass and when water and temperature stress occurs premature leaf senescence and partial
canopy dieback to whole-tree mortality may occur as a consequence, thus reducing canopy leaf area
during the stress [96]. On the other hand, historical data suggests that dry forests are experiencing
increasing drought-induced mortality, but this observation is not absolutely true for all of the forest
types, and the spatial variability of this phenomenon is very large [97]. Certain forest tree species
demonstrate substantially different needs in terms of water supply. In particular, this is the case with
oaks [98]. For example, a direct comparison between Quercus petraea (Matt.) Liebl. (Q. petraea), Q. robur,
and Q. rubra has shown that Q. petraea is more resistant to drought than the other two species [95].

4.3. Monitoring Water Stress Using Differential Indices

Among the analyzed indices, only AGNDVI accommodated the green channel and is thus the
only index sensitive to the chlorophyll content in cellular structures. The chlorophyll content indicates
the condition of the vegetation and its photosynthetic potential; the higher the content, the more
energy can be absorbed and used for plant development. A reduced share of this pigment in cellular
structures can be seen in the lower reflectance in green light. As indicated by the literature, its value
should be independent of changes in pigments other than chlorophyll [57], which is responsible for
light absorption; its efficiency depends on stressors. The AGNDVI, which shows the drought impact,
correlates most strongly with biodiversity; we therefore conclude that this green pigment and its
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quantity in the habitat determines and differentiates the spectral response to a greater extent than other
factors do.

In addition, this index should be independent of the impact of the soil visible between leaves
or the impact of the atmosphere, which is particularly important for forest areas [57]. Moreover, its
relationship with the diversity index H is stronger than that for classical indices, which are applied on
a standard basis to eliminate the impact of the substrate (Table 4), such as SAVI [56] and MSAVI [52].

Considering all these factors, this index is increasingly used to investigate stress in
vegetation [99-101]. Our results indicate that it is useful for forests and suggest that it should be
used more frequently as an alternative to NDVI.

4.3.1. Quercus sp. L.

The AMSAVI differential index is distinguished by its strongest correlation (displaying the highest
statistical significance) with the percentage share of the dominant species Q. robur. It has been designed
to enhance its sensitivity to changes in the condition of vegetation and, at the same time, to eliminate
soil impact, making it less dependent on the quantity of the biomass than the original SAVI. This factor
clearly affects the drought response of oak. However, when approached in general terms (Table 3),
the variation of both AMSAVI and ASAVI is similar (with a standard deviation of 0.81). This indicates
the greater usefulness of the AMSAVI index for investigating forest environments dominated by
Quercus species.

4.3.2. Pinus sp. L.

The percentage share of the species P. sylvestris showed the most significant statistical correlation
with the ANDMI differential index. This coniferous tree species occurred in several analyzed habitats
and dominated three of them, i.e., SO100, SO105, and SO27 (Table 1). Among the three analyzed indices
based on mid-infrared, it demonstrates by far the strongest relationship with drought. Therefore, when
comparing the results in Table 3, it can be considered that trends of change shown by ANBR and ANBR2
are less reliable than those calculated using ANDMI. Research performed to date has indicated the
usefulness of indices based on mid-infrared for investigating coniferous forests [102-104]. The present
study demonstrates that the index calculated on the basis of bands 5 (880 nm) and 6 (1610 nm) more
adequately shows the condition of a stand with a large share of pine than the other two indices (NBR
and NBR2), considering the second reflectance maximum in mid-infrared of 2200 nm (band 7). It is
possible to better explore the behavior of these three indices and their usefulness for investigating
drought impacts for a larger number of divisions including this species, whereas this study considers
only three of them.

5. Conclusions

Our results for the drought resistance of mixed stands versus monocultures may be described by
the five following conclusions.

1.  Inassessing drought tolerance, remote sensing analysis showed the following order, beginning
with the most tolerant monocultures of species: P. sylvestris > Q. robur > Q. rubra. Additionally,
a negative impact of gley soil was observed on Q. robur monoculture.

2. Mixed stands with Q. robur as the dominant species are more resistant to drought than Q. robur
monocultures. Having a ~20% admixture of Q. robur and P. sylvestris significantly reduced
deterioration of vegetation indices during short-term drought. In a single case, a ~10% admixture
of Larix sp. contributed to the decline of vegetation indices.

3. Inasingle case, a ~20% admixture of Q. robur in the stand with P. sylvestris as a dominant species
contributed to the decline of vegetation indices. We suggest that this particular case may confirm
the results of Urli et al. (2015) [82]. This particular ROI is the only pine stand with rusty brown
soil, which may cause limited water availability and the threshold water transport variables
observation [82]. This observation should be explained in future research.
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The particular differential indices have different degrees of usefulness, depending on the
examined factor. In general, the sensitivity to green light is important for biodiversity research.
The index MSAVI is most useful for investigating Q. robur, while NDMI is more adequate for
P. sylvestris. It is important to note that such conclusions can only be drawn for species that
dominate a given habitat. More detailed analyses require data with significantly higher spatial
resolution than that of Landsat. It is therefore envisaged that further research will use data
with a GSD of 0.25 m, acquired from the QUERCUS.6 aerial platform, which was used in the
present study for image segmentation. This will allow the analysis of the spectral response of
individual crowns, using six channels registered in the range from 400 to 1000 nm. An additional
advantage of high-resolution data is the ability to eliminate shadows and clearances between
trees, facilitating the analysis of tree properties.

Despite all constraints, Landsat satellite images with a 30-m accuracy are suitable to obtain
a quick and general overview of a situation. Their analysis is relatively rapid, and they are
generally available for any time and place. The major constraints include cloudiness and correct
radiometric adjustment. However, the present study demonstrates that, based on accurate
knowledge of the quantitative shares of individual species, indirect conclusions can be drawn
about their contribution to changes in the particular remote sensing indices. Their characteristics
and interrelationships can also be assessed.
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