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10 Abstract: Drought periods have an adverse impact on the condition of oak stands. Research on
11 different types of ecosystems has confirmed a correlation between plant species diversity and the
12 adverse effects of droughts. The purpose of this study was to investigate the changes which occurred

13 in an oak stand (Krotoszyn Plateau, Poland) under the impact of the summer drought in 2015. We

14 used a method based on remote sensing indices from satellite images in order to detect changes in
15 the vegetation in 2014 and 2015. A positive difference was interpreted as an improvement, whereas
16 a negative one was treated as a deterioration of the stand condition. The Shannon-Wiener species
17 diversity was estimated using an iterative PCA algorithm based on aerial images. We observed a
18 relationship between the species indices of the individual forest divisions and their response to
19 drought. The highest correlation between the index differences and the Shannon-Wiener indices
20 was found for the GNDVI index (+0.74). In addition, correlations were observed between the mean
21 index difference and the percentage shares in the forest divisions of species such as Pinus sylvestris

22 (+0.67 = 0.08) and Quercus robur (-0.65 + 0.10). Our results lead us to infer that forest management

23 based on highly diverse habitats is more suitable to meet the challenges in the context of global
24 climatic changes, characterized by increasingly frequent droughts.

25

26  Keywords: drought; diversity; oaks; remote sensing

27

28 1. Introduction

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

37 A comparison of remote sensing images of vegetation indices from two periods can indicate a
38  spatial distribution of changes. However, adequate change detection is a challenging issue. Several

39  methods are available to not only determine differences between images, but also to designate an
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40  appropriate threshold to distinguish regions with and without changes [4]. Of these methods, image
41  differencing is the most popular one, where an image from one period is subtracted, pixel by pixel,
42 from an image from another period [5].

43 Research on the impact of drought on ecosystems, taking into account different variables, is
44 important not only for the Central European areas examined in this study, but also for other moderate
45  climate zone regions, including Scandinavian countries, in which adverse impacts of drought on
46  species mortality [6] and distribution [7] of forest complexes have been observed. For example, a 10-
47  year summer drought cycle in southern Finland halted the growth of a 12-year-old oak (Q. robur)
48  stand, irrespective of the health class [8]. It is therefore important to enhance the long-term resistance
49  of such stands to water stress, especially as species ranges shift to northern Europe (Scandinavian
50  countries) and to greater longitudes [9] in the context of global climatic changes. It is expected that in
51  thetimeframe of several dozen years, the mean drought duration in Europe will become considerably
52 longer. Climate models indicate that at present, in northern Europe, the mean period without
53 precipitation increases and that from 2070 to 2099, droughts will be markedly longer than in 1961 to
54 1990 [10]. For example, the maximum duration of the period without precipitation in eastern Finland
55  may increase from 27 to 39 days (as an average from four models) [11].

56 This article analyzes the relationship between the stand response to drought and the species
57  diversity measured by remote sensing methods. It is assumed that species diversity is an important
58  element influencing stand resilience to different stressors [12]. Variations in the water regime and the
59  related water shortages caused by reduced precipitation levels are some of the most important factors
60  which contribute to the development of fungal diseases of trees [13-14]. Fungal infections, such as the
61  one caused by the genus Phytophthora (the HESOFF Life+ project), or the Dutch elm disease caused
62 by invasive fungal species [15-16] (ELMIAS Life+ projects), pose some of the greatest threats to
63  natural habitats with ecological and economic values. For this reason, it is important to explore the
64  specific behavior of individual habitats in response to a drought-affected season.

65 To analyze the stand response to drought, 15 forest complexes were designated and, using
66  remote sensing techniques, their species diversity and the changes in vegetation indices between 2014
67  and 2015 were measured. Subsequently, taking into account the species diversity index and other

68  habitat variables, the impacts of drought on the condition of the examined stands were analyzed.
69 2. Materials and Methods

70 2.1. VI change threshold

71 A comparison of remotely sensed data for various points in time demands the use of normalized
72 data, where errors and discrepancies caused by sensor and sun locations as well as atmospheric,
73 plant, or soil components are eliminated [17]. The method was found to be efficient for land-cover
74 changes [18] or the mapping of crop plantations [19]. The technique based on differential images was
75  successfully used and recommended for operational application in forests, using the vegetation
76 indices calculated from surface reflectance level products [20] in a habitat suffering from oak dieback
77 [21-22]. The use of the multiplicity of the standard deviation as a change/no (+-0) change threshold is
78  also a popular approach [5, 23].

79 In our research, the following four steps were carried out [22] for images located on path 190,

80  row 24, of the Landsat system.
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81 For further analysis, a set of 10 commonly used remote sensing vegetation indices was prepared:
82 Enhanced vegetation index EVI [24], Modified Soil-adjusted Vegetation Index MSAVI [25],
83 Normalized Burn Ratio NBR [26], Normalized Burn Ratio 2 NBR2 [26], Normalized Difference
84  Moisture Index NDMI [27] Normalized Difference Vegetation Index NDVI [28], Soil-adjusted
85  vegetation index SAVI [29], Green Normalized Difference Vegetation Index GNDVI [30],
86  Atmospherically resistant vegetation index ARVI [31], and Blue-normalized difference vegetation
87  index BNDVI [32]. Of these, NDVI is the most popular index used for drought analysis, based on
88 both low-resolution and medium-resolution data [12, 23, 33, 34], as it uses the basic channels
89  registered from the satellite ceiling, i.e., red and near-infrared.

90 The mean values of the vegetation index images for selected forest areas for 2015 were subtracted
91  from those for 2014 to determine the differences between these years. For 2015, the following images
92  were taken, as described with a Julian day and a growing season day in brackets: 111(14), 127(30),
93 and 223(126), while for 2014, they were 92(6), 140(54), 156(70), and 188(102). A cloud mask was used
94 to eliminate the influence of pixels which were not covered by vegetation, and their shadows were
95 taken into account [35]. For all pixels, the mean and the standard deviation were calculated.

96 The mean AVL.:s difference, calculated as the first step, was reduced by the mean VI and divided
97 Dby the standard deviation Ao of all the pixels resulting from the differential vegetation index of

98  relative change:

99
100 av = AWhacis = VI
Ao
101 2.2. Determination of regions of interest (ROIs)
102 The forest properties were analyzed in 20 different habitats, which were selected on the basis of

103 Landsat imagery, using Forest Data Bank (FDB) maps showing forest divisions according to
104  dominant species as a reference. The regions of interest included Q. robur specimens selected for the
105 HESOFF project: DBB 126, DBB 96, DBB 130c, and DBB 130a (Fig. 1). The other regions were selected
106  to cover the ortho photomaps to a maximum extent and derived from photogrammetric products
107  generated in the project [36]. Only 15 out of the 20 selected polygons were used to elaborate the
108 research method (section 2.3). Of these, 10 were deciduous forests dominated by oak and five were
109 coniferous (two larch forests and three pine forests). The analyzed stands were located in the Karczma
110 Borowa Forest District, near the City of Leszno, in southern Wielkopolska (Poland). All 15 regions of
111  interest (ROIs)are described in Table 1, providing information about the tree and understory
112 coverage, the soil type of the forest habitat, and the properties of dominant tree species, such as age,
113 diameter at breast height (DBH), height, and wealth (abundance of the stand). The name of the region
114  was obtained from the Forest Data Bank. The dominant species, including age, were specified as
115 follows: DBB for Q. robur, DBC for Quercus rubra, MD for Larix sp., and SO for P. sylvestris.

116
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117 Table 1. Environmental tree parameters (Forest Data Bank). Dominant species name with its age: DBB for Quercus robur, DBC for Quercus rubra, MD for Larix sp., SO for Pinus sylvestris. Soil type
118 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
119 mineralogical composition, it is most permeable in our analysis.
120
Properties of dominant .
. Age of tree species
Soil Tree Understory species
T T
type covz:rage covSrage ree ree Stock Quercus  Picea Fagus Carpinus Quercus  Larix Pinus Tilia Betula Pseudotsuga
[%] [%] DBH height . . . .
[cm] (m] [m3/ha] robur abies sylvatica betulus rubra sp. sylvestris sp. pendula Carriere
DBB126 Gw 100 60 42 33 509 126 126 - - - - - - - -
DBB129 RDbr 80 70 46 32 550 129 - 129 101 - - - - - -
DBB130a RDbr 100 50 43 31 586 130 - - 130 - - - - - -
DBB130b RDbr 100 40 44 31 466 130 130 - - 130 130 130 - - -
DBB130c RDbr 100 70 42 31 411 130 66 66 - 130 130 130 - - -
DBB139 BRk 90 60 49 32 554 139 139 - 139 - 81 139 - - -
DBB140 RDbr 100 40 45 33 118 140 0 140 - 140 140 - 140 - -
DBB83 BRk 100 50 27 25 346 83 - - - - 83 83 - 83 -
DBB96 RDbr 90 20 35 30 390 96 51 130 - - - - - - 51
DBC120 RDbr 70 10 47 32 411 - - - - 120 120 - - - -
MD50 RDbr 110 40 25 26 194 - - - 36 - 50 50 - - -
MD79 RDbr 110 80 40 34 509 - - - 79 - 79 - - - -
SO100 RDbr 110 10 34 28 309 100 26 - - - - 100 - - -
SO105 BRk 90 30 39 28 386 105 - - 105 - 105 105 - 105 -
SO27 OGw 110 20 11 14 152 27 27 - 27 - 27 27 - 27 -
121
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Fig. 1. Map of the research plot in the Karczma Borowa Forest District in the adopted WGS 84 reference system. The red
colour denotes the ROIs adopted in accordance with the divisions of the Forest Data Bank (FDB). The blue colour denotes the

positions of sample tress set out by the Forest Research Institute (Quercus robur).

2.3. Estimation of changes in the condition of forest complexes between 2014 and 2015

The satellite data from the 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 (750-1,500 nm) to mid-infrared
(1,500-2,600 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) (Fig. 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 [36]. 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 Pitkadnen et al. (2004) [37], a
systematic height error (with height representing the highest point of the crown) can be expected at

d0i:10.20944/preprints201801.0247.v1
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148  alevel of 1 m for data from airborne scanning (LIDAR). In the case of models originating from the
149 matching of images with a GSD of 0.25 m, this error should be higher by a factor of about 1.5-2 for

150 tall trees. In the investigated area, maximum tree height was about 30-40 m.

151

152

153 Fig. 2. Segmentation in the case of ROI SO 100 (Fig. 1.). From left: Orthophotomap — a RGB composition in natural colours.
154 An elevation model acquired as a result of the matching of images. The particular tree crowns were determined using
155 segmentation based on the watershed algorithm.

156

157 At present, several algorithms are applied to detect treetops and to determine the range of tree

158  crowns. Among them, methods based on a search for local maxima prevail. In the research proposed
159  here, the watershed algorithm [38] was used. The operating principle of this algorithm consists in
160  reversing the crown model by multiplying the values recorded in the pixel by -1 (the tops become
161  hollows). In the model thus created, the algorithm seeks out micro-catchments - imitating water
162 spillage. The point with the lowest values is determined as the top. The boundaries of such a
163 catchment are considered to be the boundaries of the tree crown [39, 40]. In addition, the variables
164  determining the minimum height of the tree crown (only trees taller than 15 m were analyzed) and
165  the minimum height of the tree crown were applied. In view of the variables applied, the results of
166  the segmentation for areas dominated by coniferous trees were unsatisfactory. In light of this, further
167 analyses omitted for regions SO110b, SO110a, SO93, SO63, and SO80 (Fig. 3b). Segmentation carried
168 out in this manner ensures an effective estimation of the number of trees at a level of 70-80% [41].

169  This segmentation was used to determine species diversity (section 2.4).

170 2.5. Estimation of the species diversity index

171 The species diversity in a given ecosystem or in a designated area may be estimated by
172 measuring two variables: (a) species richness (number of species) and (b) the evenness of individuals
173 of a given species in an ecosystem. These two variables are reflected by the Shannon-Wiener diversity
174 index, which is commonly used in ecological research [42].

175 The measurement of species diversity using remote sensing methods is based on both a factor

176  analysis of multispectral images [43, 44] and digital modelling of the land cover [45]. Time-related
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177  analyses of changes observed in both reflectance [46] and in vegetation indices [47] play a special role

178 in environmental studies.

179

B[ eceno

D 0,98

180
181 Fig. 3. Surface representation of the AGNDVI differential index between 2014 and 2015 (A). The mean value of the GNDVI
182 differential index for 2014 and 2015 for all ROIs (B). The green colour denotes values exceeding 0, the orange colour
183 represents those below 0. The blue colour represents the Shannon-Wiener diversity index for all ROIs. Products at the
184 surface reflectance level (Landsat-8 OLI) were used as source data. The study did not consider mixed pixels at the boundary
185 of divisions. An improvement in the condition of trees is represented by the green colour, while its deterioration is indicated
186 by the orange colour.
187
188 In this paper, the method used to estimate the tree species diversity index in individual forest

189  divisions was based on analysis of multispectral images acquired in July 2015, using the QUERCUS.6
190  multi-sensor platform [36, 48, 49]. Imaging was performed in six optical channels within the visible
191  light and near-infrared ranges. An algorithm for an iterative application of a factor analysis of
192 multispectral images was used in post-processing [22,48,50].

193 As a result of the image classification of an image, the following is determined: (a) the number
194 of classes, including number n of classes with mean pseudo-signatures interpreted as biomass, and
195 (b) the share of the quantity of the determined crowns attributed to a given species in all tree crowns.
196  These data can be regarded as estimates of the variables determining the species diversity of the
197  ecosystem in terms of (a) species richness and (b) species evenness. This provides the entire

198  information needed to calculate the Shannon-Wiener diversity index H, which is defined as follows

199  [51]:
200 H= — p; In(p;)
2

201  where n is the estimate of species richness and pi is the estimate of species evenness.
202 An iterative PCA analysis was carried out separately for each forest division to assign an

203  appropriate tree species diversity index to each division.

204 2.6. A comparison of inventory-based stand characteristics in ROIs and their species diversity with the
205  changes observed between 2014 and 2015
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206 A correlation analysis was carried out to identify the relationship between the occurred changes
207  and the habitat variables related to the species diversity of the stands. Pearson's correlation coefficient
208  was calculated to determine the relationship with the species diversity of tree crowns H, the shares
209  of particular species (Table 2), and the tree variables (Table 1).

210 In addition, to gain a better understanding of the specificity of the observed changes, the

211 differences and the standard deviations between the indices in 2014 and 2015 were calculated.
212  3.Results
213 3.1. Habitat characteristics

214 In our study region, 10 out of 15 investigated stands grew on rusty brown soils. Two oak stands
215  and one pine stand grew on acid brown soils; there were one pine stand and one oak stand on gley
216  soils. Very dense tree cover dominated (with a median of 100%); most of the trees were older (with a

217  median of 126 years for oaks and one of 100 years for pines). Table 1 shows the detailed results.
218  3.2. Species diversity indices of tree crowns in the particular forest divisions

219 In the evaluated forest divisions, tree crown classes corresponding to the following species or
220  genera were determined: Q. robur (with a mean share in the biomass of a single ROI of 55.7%), P.
221 sylvestris (21.2%), Larix sp. (11.6%), Q. rubra (8.2%), Carpinus betulus (1.3%), Picea abies (1.2%),
222 Betula pendula (1.1%), Fagus sylvatica (0.8%), Pseudotsuga Carriere (< 0.1%), and Tilia sp. (< 0.1%).
223 Divisions with the highest species diversity indices H included MD50 (0.882), DBB130c (0.860), and
224 DBB130b (0.829). Here, the relatively high diversity indices resulted from large admixtures of red oak
225 (10-20%) and larch (> 10%) in stands dominated by pedunculate oak (70-75%) or a substantial
226 admixture of Scotch pine (> 30%) in stands dominated by larch (> 55%). The more homogenous
227 divisions (H < 0.100) were dominated by pedunculate oak (DBB126, DBB129, DBB130a, and DBB 139).
228  Table 2 shows the detailed results.

229 3.3. Coefficients of correlation between the characteristics of ROIs and their responses to drought

230 Table 3 presents the relative values of change in calculated differences for 10 well-known
231  vegetation indices. The results are values which represent a relative improvement or a deterioration
232 of the stand condition in the course of one year for the particular divisions. Values in the range from
233 -1[o]to+1[o] are interpreted as the absence of a change in the examined stand [5,23]. Negative results
234 indicate that the environmental conditions caused by drought have brought about an adverse change
235  in the stand. Positive values correspond to stands which are more resistant to stressors. The most
236  important factor which determines the stand response to drought is the forest type: forests dominated
237 by coniferous species respond in a different manner (better) to water stress than deciduous stands
238  do.

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

243 The results of the Pearson’s correlation between the observed changes in the stand condition

244 and the environmental indices indicate the following relationships:
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245 Table 2. Shannon-Wiener species diversity index (H) and the shares of the identified species in forest divisions (the results
246 based on analyses of aerial images, see section 2.4). Dominant species name with its age: DBB for Q. robur, DBC for Q. rubra,
247 MD for Larix sp., SO for P. sylvestris.
Share of particular species in a forest division [%]
FDB H
Quercus  Picea  Fagus Carpinus  Quercus Pinus Betula Pseudotsuga
region [%] Larix Tilia
robur abies  sylvatica  betulus rubra sylvestris pendula  Carriere

DBB126 494 99.14 0.86 - - — - - - - -

DBB129 8.06 98.64 - 091 0.45 - - - - - -

DBB130a  6.39 98.83 - - 117 - - - - - -

DBB130b 8294 72.86 1.18 - - 17.70 1.18 7.08 - - -

DBB130c  86.03  74.40 0.88 3.06 - 11.16 1028 0.22 - - -

DBB139 7.61 98.89 0.27 - 0.37 - 0.32 0.16 N - -

DBB140 5330 87.23 3.19 6.91 - 0.53 1.60 - 053 - -

DBB83 68.61 7433 - - - - 242 22.40 - 0.85 -

DBBY% 2553  93.54 5.17 0.90 - - - - - - 0.39

DBC120 2278 - - - - 93.97 6.03 - - - -

MD50 88.24 - - - 8.06 - 58.60  33.33 - - -

MD79 2589 - - - 7.20 - 9280 - - - -

SO100 7125  21.65 5.15 - - - - 73.20 - - -

S0O105 5393 1447 - - 1.28 - 0.18 83.15 - 0.92 -

SO27 4813 042 0.72 - 0.55 - 0.12 85.95 - 12.23 -
248
249 Table 3. Values of Differential Vegetation Indices for each forest region. Registered changes are bold and underlined.

FDB id AEVI  AMSAVI ANBR ANBR2 ANDMI ANDVI ASAVI AGNDVI AARVI ABNDVI MEAN o

DBB126 -091  -0.92 -0.94 -0.79 -0.92 -0.93 -0.91 -0.83 -0.89 -0.99 -0,90 0.06
DBB129 -0.74  -0.76 -0.76 -0.73 -0.73 -0.81 -0.77 -0.67 -0.80 -0.78 -0.76 0.04
DBB130a -0.54  -0.55 -0.34 -0.29 -0.32 -0.54 -0.54 -0.33 -0.47 -0.66 -0.46 0.13
DBB130b  0.67 0.66 0.72 0.80 0.59 0.36 0.62 0.63 0.42 0.28 0.58 0.17
DBB130c  0.30 0.27 -0.28 -0.08 -0.37 -0.05 0.31 0.20 -0.08 0.02 0.02 0.24
DBB139 -0.69 -071 -0.46 -0.58 -0.45 -0.39 -0.65 -0.65 -0.44 -0.30 -0.53 0.14
DBB140 0.16 0.13 0.34 0.50 0.13 0.42 0.20 0.46 0.42 0.41 0.32 0.15
DBB83 0.70 0.70 0.22 0.60 0.13 0.53 0.72 1.03 0.52 0.57 0.57 0.26
DBBY9%6 -0.86  -0.87 -0.69 -0.72 -0.68 -0.76 -0.86 -0.78 -0.75 -0.79 -0.78 0.07
DBC120 0.70 0.72 -0.10 -0.06 -0.15 -0.23 0.62 0.03 -0.25 -0.12 0.11 0.40
MD50 1.29 1.28 1.64 1.45 1.54 1.52 1.31 1.01 1.52 1.42 1.40 0.18
MD79 -044  -036 -0.20 -0.43 -0.25 -0.20 -0.48 -0.80 -0.23 -0.25 -0.36 0.18
50100 0.20 0.30 -0.10 -0.44 0.02 0.01 0.20 0.07 -0.08 0.21 0.04 0.22
50105 0.42 0.42 0.98 0.64 1.00 0.86 0.41 0.28 0.89 0.70 0.66 0.26
5027 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

[ 0.81 0.81 0.79 0.76 0.78 0.77 0.81 0.72 0.77 0.76
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250 Table 4. Pearson’s coefficient of correlation between AVIs and the shares of particular species in forest divisions and for

251 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* -0.69** -0.46* -0.15 -0.66* -0.63* -0.65* -0.42 -0.61* -0.64* -0.61 0.083
P. abies -0.1 -0.1 -0.1 -0.2 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.17 0.034
Fagus sylvatica -0.0 -0.0 -0.0 0.04 -0.1 0.01 -0.0 0.09 0.01 0.02 -0.01 0.061
Carpinus 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 -0.0 -0.0 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 menziesii -0.34 -0.34 -0.28 -0.29 -0.27 -0.30 -0.34 -0.32 -0.30 -0.32 -0.31 0.027
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 ~ coverage

-0.46 -0.47 -0.37 -0.31 -0.41 -0.33 -0.45 -0.39 -0.33 -0.37 -0.39 0.056
[%]
Age [years] -0.62* -0.63* -0.64* -0.58* -0.68** -0.67* -0.62* -0.51* -0.66* -0.67* -0.63 0.052
Tree DBH [cm] -0.66* -0.67* -0.64* -0.63* -0.68** -0.7** -0.67* -0.65* -0.69** -0.7%* -0.67 0.025
Tree height [m] -0.73** -0.67* -0.67* -0.73** -0.72*%* -0.73** -0.71%* -0.71%* -0.73** -0.71 0.023
0.72*%*
Tree stock [m3/ha] -0.71%* -0.70** -0.67* -0.76** -0.72*%* -0.74** -0.74** -0.78** -0.72 0.033
0.71** 0.69**

252
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253
254 e A strong positive correlation between the Shannon-Wiener species diversity of tree crowns and
255 the particular AVIs; the mean value of the correlation is 0.66 (+0.083); the strongest correlation
256 (+0.73, R2 = 0.54; p-value < 0.005) occurred for the AGNDVI differential index (Fig. 4, up), while
257 the lowest one could be observed for ANDMI (+0.57).
258 e A strong negative correlation between the percentage share of the tree crowns of the Q. robur
259 species and the particular AVIs. The strongest relationship (with a correlation coefficient of -0.69,
260 R2 = 0.48) was found for the correlation with the AMSAVI index (Fig. 4, middle).
261 e Astrong positive correlation between the percentage share of the tree crowns of the Pinus species
262 and the particular AVIs. The strongest relationship (with the correlation coefficient of +0.72, R? =
263 0.53) was found for the correlation with the ANDMI index (Fig. 4, bottom).
264
265 A statistically significant correlation for some indices was found for B. pendula (e.g., for AMSAVI,

266  with a correlation coefficient of +0.56); however, the quantitative representation of this species is
267  relatively small, necessitating caution in interpreting the results.
268 Highly significant correlations were found for all differential indices in relation to the following
269 four variables: age, DBH, height, and stock. This confirms the results of the previous research carried
270  outin this area, which demonstrated the relationship between the age of a stand and its resistance to
271  drought.

272 Table 4 shows the detailed results in terms of the correlation between the differential and

273 environmental indices.

274 4. Discussion

275 Based on our results, we can draw conclusions about the impact of drought on stand resistance,
276  assessed via the following factors: habitat conditions, species diversity, and the dominant species in
277  the stand. The highest correlations between the differential indices and the Shannon-Wiener index
278  were observed for GNDVI  (+0.74), BNDVI  (+0.68), and SAVI  (+0.68).
279  We found no relationship between the differential indices and the indices demonstrating tree and
280  understory coverage. However, a statistically significant relationship was found for the variables
281  characterizing the dominant species in a given stand for all analyzed AVIs. The resistance to drought

282  increases with decreasing breast height (DBH), height, and abundance.

283 4.1. Species diversity

284 Divisions MD50 and SO27 were characterized by the highest resistance to drought. These
285 habitats had the youngest stands and thus the lowest DBH, age, and abundance. At the same time,
286  division MD50 showed the highest species diversity index (88.24%), while SO27 had the largest share
287  of Scotch pine. It should be noted that Nasitowska et al. (2017) [22] indicated both species diversity
288  and the share of Scotch pine within a division as factors enhancing the response to drought. In turn,
289  the values of indices decreasing within the ranges (-0.79, -0.99), (-0.67, -0.81), and (-0.68, -0.87) could
290  be seen for divisions DBB126, DBB129, and DBB96, evidencing a negative trend in the development
291  of the local vegetation. These were divisions with the lowest species diversity index values (all below

292 9.0%) and Q. robur as the dominant species.
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294 Fig. 4. Up: Diversity index H in relation to the value of the AGNDVI index; middle: percentage share of the Quercus robur
295 species in relation to the value of the AMSAVI index; bottom: percentage share of the Pinus sylvestris species in relation to
296 the value of the ANDMI index.
298 When comparing the indices H of all divisions with the corresponding differential indices, a

299  mean correlation coefficient of +0.66 (+0.042) was obtained, confirming a decisive effect of H
300  parameter on the stand response to drought. It should be pointed out that the study on the impact of
301  species diversity on the stand response to drought could not fail to consider the simultaneous effects
302  of factors such as forest type or dominant species, and it was only a simultaneous analysis of the
303  index H and the other habitat variables that ensured a full description of the reasons for the behavior
304  of stands under stress conditions. However, our results also show exceptions to this general trend.
305 Two divisions with a low diversity index, i.e,, DBB130a (H = 0.064) and DBB139 (H = 0.076),
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306  demonstrated higher drought resistance than a division with higher diversity, i.e. DBB96 (H = 0.26),
307  did. This could have been caused by a poor understory in division DBB96 and s small percentage
308  share of additional species in the oak stand (< 7.0%). This example shows that one must not interpret

309 the index H uncritically, as it is sensitive to the number of scarce species in a stand.

310 4.2. Impact of the soil type

311 The lowest values of the differential indices, just below the interpretation threshold (-0.99 for
312 the ABNDVI), were found in DB126, a 126-year-old homogenous (H = 49.0%) oak stand. Among the
313 analyzed oak divisions with low diversity, it was the only one situated on gley soils. In non-drought
314  periods, these soils favor the growth of wet forests and cause the development of more shallow root
315  systems as a result of gleying [52], creating ecosystems which are more vulnerable to water stress.
316  Duringdrought periods, these soils are characterized by an exceptional water deficit, leading to water
317  stress in plants [53]. In addition, e.g. the biochemical soil composition emerging as a result of an
318  excessive release of dissolved organic carbon (DOC) during drought periods [54] is unfavorable for
319  plants. The carbon to nitrogen ratio (C/N) in leaves is a well-known variable indicating their
320  nutritional status and the correct course of physiological processes or the health condition dependent
321  on water availability [55]. Similar relationships were found in forest-forming deciduous tree species.
322  Examining the responses of three oak species - Q. robur, Quercus petraea, and Quercus pubescens -
323 to drought, [56] found that, under water deficit conditions, in all species, the quantity of dissolved
324  nitrogen in leaves increased at the expense of structural nitrogen, contributing to a reduction in the
325 C/N ratio.

326 The simultaneous presence of as many as four factors, namely (1) low species diversity, (2) a
327  dominant species which is vulnerable to water stress, (3) the stand age, and (4) the presence of gley

328  soil, explains the worse change in the vegetation indices among all divisions.

329 4.3. Dominant species

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

335 These observations are consistent with the literature data, since an assessment of the
336  vulnerability of trees to drought is of major importance for improving the forecasts of the dieback of
337  forests and species under the impact of climate change. Particular forest tree species demonstrate
338  substantially different needs in terms of water supply. In particular, this is the case with oaks [57].
339  For example, a direct comparison between Quercus petraea, Q. robur, and Q. rubra has shown that

340 Q. petraea is more resistant to drought than the other two species [58].

341  4.3.1. Q. robur

342 Compared with other oak species, such as e.g. Quercus petraea in the temperate climate zone,
343 pedunculate oak (Q. robur) has higher water requirements and is more vulnerable to water stress [59,
344 60]. Q. robur can also be found on sites with low water availability, e.g., on sandy, nutrient-poor soils

345 [61] or on plateaus and the exposed slopes of well-drained limestone hills [62]. In such habitats,
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346  pedunculate oak shows a high drought tolerance, which ensures its survival. Experimental data
347  acquired under controlled greenhouse conditions also show good drought tolerance of pedunculate
348  oak. The results indicate that under the conditions of progressive drought, plants demonstrate
349  intensive adaptation mechanisms, consisting of the alignment of the physiological potential of leaves
350  [63, 64].

351 In Q. robur, drought causes biomass allocation, leading to reduced foliage in favor of small roots.
352  This seems to be the most important process of the acclimation of Central European oak species to
353 droughtstress. This is confirmed by the highest significance of the correlation between the percentage
354  share of Q. robur and the NDMI differential index. At the level of leaves, the acclimation to drought
355  stress consists in osmotic regulation to achieve resistance to dehydration. However, these processes
356  generally occur under moderate drought stress rather than under strong drought stress [60].

357 Urli et al. (2015) [65] also assessed the ecophysiological response of Quercus ilex and Q. robur to
358  drought and their vulnerability to dehydration stress under field conditions. Their research indicated
359  that despite limited water availability, the abundance of Quercus ilex was comparable to that of the
360  control stand, whereas the abundance of Q. robur dramatically fell as water availability deteriorated.
361  These authors claimed that the different species responses might be caused by the differences in the
362  structure and operation of the hydraulic system. Q. robur demonstrated the threshold water transport
363  variables in contrast to Quercus Ilex, in which the transport level was satisfactory - this probably
364  makes pedunculate oak extremely vulnerable to drought [65]. In the context of increased drought
365  frequency and intensity, the findings by Urli et al. (2015) suggest that in the face of progressive climate
366  change, the Q. robur population may be at risk.

367  4.3.2.Q. rubra

368 In Poland, Q. rubra is considered to be an alien species and characterized by a higher tolerance
369  to drought and frost than native oak species. According to the literature, Q. rubra is a species with a
370  low drought tolerance [66] and is best adapted to habitats with moderate or well-balanced moisture
371  conditions [67]. In Polish stands, it usually constitutes a production or biocenotic admixture or may
372 occur in the form of a homogenous stand [68]. Literature data indicate that pedunculate oak (Q.
373 robur) is more vulnerable to water stress than Quercus petrea, which is popular in Polish forests [69,
374 [69, 70] but copes better with drought than Q. rubra does [71]. However, our results cannot confirm
375 this position. In areas DBB130b and DBB 130c, where Q. robur dominated with a share of Q. rubra
376  (17.7 and 11.16%, respectively), a higher drought tolerance was found than in areas with higher
377  biodiversity, such as DBB96. The increased drought tolerance of hardly diverse oak habitats may
378  have been caused by the coexistence of pedunculate oak with an admixture of red oak, which has
379  adapted to the limited water resources in a given habitat. Despite the fact that both Q. rubra and Q.
380  robur are considered to be highly vulnerable to water stress, they can occupy habitats with varied
381  water availability, although Q. rubra can also occur in extremely dry habitats [69, 72]. Genetic
382  differences in drought tolerance can also be seen within a species from a specific geographical
383  location. Research carried out in central Pennsylvania demonstrated that Q. rubra growing in
384  extremely dry habitats had both physiological and morphological features of drought tolerance in
385  contrast to the same species in habitats with higher moisture levels [72].

386 Under water deficit conditions, Q. rubra can demonstrate changes in hydraulic conductance to

387  adjust stomata opening at values below -2.3 MPa [71]. Parker et al. (1982) compared the resistance of
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388 Q. alba and Q. rubra to water stress [73]. Both species responded with a change in the osmotic
389  potential in leaves under the impact of drought, and the closing of stomata was triggered by a turgor
390  potential of 0.2 MPa for Q. alba, whereas the respective value for Q. rubra was 0.4. Hinckley et al.
391  (1978) also observed the closing of stomata at higher values of the osmotic potential in red oak than
392  those for white oak, indicating that Q. alba had was more capable of adapting to drought than Q.
393 rubra was [74]. Despite the fact that, as indicated in the literature, it is a typical species which avoids
394  drought [75], our research demonstrated its positive effect on the drought resistance of habitats with
395  addition of Q. rubra.

396 This study found that areas overgrown by pedunculate oak, with an admixture of Q. rubra
397  (DBB130b and DBB130c), had a higher drought tolerance than areas without Q. rubra. This might
398  also be related to the habitat requirements of both oak species. Q. robur is a species with high soil
399  requirements as it prefers rich soils, such as brown and lessive soils and black earths, whereas Q.
400  rubra develops well on poorer soils, such as clayey sands and sandy soils [76]. On the Krotoszyn
401  Plateau, the areas under study were dominated by low-fertile gley soils, to which red oak was
402  considerably better adapted than pedunculate oak. Vivin et al. (1993) found that the
403  richness/fertilization of a habitat had a significant impact on the growth and development of Q. robur
404  and Q. rubra under water deficit conditions [58]. Under the impact of a prolonged drought, the
405  mortality of young Q. robur specimens was higher than that of Q. rubra and, on this basis, the authors
406  noted that Q. rubra was a species with a higher tolerance to drought stress than Q. robur. They also
407  found that both species coped better with drought stress if mineral fertilizers were provided, which

408 was probably related to the osmoregulation mechanism in case of a low water potential [58].

409  4.3.3. P. sylvestris

410 The results of the analysis of remote sensing indices also demonstrate that an enhanced share of
411  Scotch pine increases the drought resistance of forest ecosystems, which has also been confirmed by
412 the scientific community and forestry experiments. Scotch pine (P. sylvestris) is a species with a
413 demonstrated ability to tolerate long-term and short-term changes in water availability. This is
414  related to the morphology, phenology, and adaptability of this species. Under the conditions of
415  increased water deficit, pine development is negatively impacted, resulting in changes in tree
416 morphology, such as reduced height, changes in tree form, leaf shape, and size, and altered wood
417  anatomy [77]. Prolonged drought decreases the growth rate of Scotch pine, which is reflected by its
418  reduced DBH. In short drought periods, a reduced height may not be noticed. This is related to the
419  phenology of the pine: needles remain on the tree for one to five years; therefore, seasonal drought
420  may not have any adverse effects on tree development [78]. Moreover, pine often colonizes dry
421  habitats, such as dunes. Pine species are adapted to such habitats since their roots are characterized
422 by a taproot structure, enabling the trees to take up water, along with mineral salts, from deeper soil

423 layers, thereby surviving short-term droughts.

424 4.3.4.B. pendula

425 The analysis of areas containing birch yielded disputable results. Although the obtained results
426  concerned barely three out of the fifteen examined divisions, they indicated that the drought
427  resistance of forest stands increased with increasing numbers of B. pendula. The literature sources

428  point out that under natural conditions, silver birch often resides in cool and wet regions, including
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429  peat-bogs, stream and lake banks, cool and wet forests, and the slopes of cool bays [79, 80]. For this
430  species, water deficit may cause significant stress and is dangerous for both adult individuals and
431  nursery seedlings. Scientific research indicates that birch leaves are vulnerable to water stress [64],
432 and the species demonstrated severely reduced growth as a result of mild water stress. In addition,
433 in the course of a drought at daytime, birch leaves did not show any significant accumulation of
434  dissolved substances, which caused a drop in the water potential in the leaves; we therefore assume
435  that growth during daytime is constrained by low turgor. When subjected to water stress, the plants
436  showed reduced growth and low stomatal conductance. No mechanisms for adapting stomata to
437  drought stress could be seen. After water had been supplied to the plants, a slow regeneration of the
438 stomata occurred [64]. In turn, Ranney et al. (1990) observed that stomata responded directly to water
439  deficit in leaves [81]. Humpbhries et al. (1982) also found that B. pendula had a poorer water stress
440  tolerance [82]. The authors found a higher mortality of B. pendula seedlings under less intensive

441  water stress compared to that of B. davidii under more severe drought.

442 4.4. Monitoring water stress using differential indices

443 Among the analyzed indices, only AGNDVI accommodated the green channel and is thus the
444  only index sensitive to the chlorophyll content in cellular structures. The chlorophyll content
445  indicates the condition of the vegetation and its photosynthetic potential; the higher the content, the
446  more energy can be absorbed and used for plant development. A reduced share of this pigment in
447  cellular structures can be seen in the lower reflectance in green light. As indicated by the literature,
448  its value should be independent of changes in pigments other than chlorophyll [30], which is
449  responsible for light absorption; its efficiency depends on stressors. The AGNDVI showing the
450  drought impact correlates most strongly with biodiversity; we therefore conclude that this green
451  pigment and its quantity in the habitat that determine and differentiate the spectral response to a
452  greater extent than other factors do.

453 In addition, this index should be independent of the impact of the soil visible between leaves or
454  the impact of the atmosphere, which is particularly important for forest areas [30]. Moreover, its
455  relationship with the diversity index H is stronger than that for classical indices, which are applied
456  on astandard basis to eliminate the impact of the substrate (Table 4), such as SAVI [29] and MSAVI
457  [25].

458 Considering all these factors, this index is increasingly used to investigate stress in vegetation
459  [83 - 85]. Our results indicate that it is useful for forests and suggest that it should be used more
460  frequently as an alternative to NDVL

461  4.4.1. Quercus sp.

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

469  environments dominated by Quercus species.
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470  4.4.2. Pinus sp.

471 The percentage share of the species P. sylvestris showed the most significant statistical
472 correlation with the ANDMI differential index. This coniferous tree species occurred in several
473  analyzed habitats and dominated three of them, i.e. SO100, SO105, and SO27 (Table 1). Among the
474  three analyzed indices based on mid-infrared, it demonstrates by far the strongest relationship with
475  drought. Therefore, when comparing the results in Table 3, it can be considered that trends of change
476  shown by ANBR and ANBR2 are less reliable than those calculated using ANDMI. Research
477  performed to date has indicated the usefulness of indices based on mid-infrared for investigating
478  coniferous forests [86-88]. The present study demonstrates that the index calculated on the basis of
479  bands5 (880 nm) and 6 (1,610 nm) more adequately shows the condition of a stand with a large share
480  of pine than the other two indices (NBR and NBR2), considering the second reflectance maximum in
481  mid-infrared of 2,200 nm (band 7). It is possible to better explore the behavior of these three indices
482  and their usefulness for investigating drought impacts for a larger number of divisions including this

483  species, whereas this study considers only three of them.

484 5. Conclusions

485 The particular differential indices have different degrees of usefulness, depending on the
486  examined factor. In general, the sensitivity to green light is important for biodiversity research. The
487  index MSAVI is most useful for investigating Q. robur, while NDMI is more adequate for P.
488  sylvestris. It is important to note that such conclusions can only be drawn for species which dominate
489  agiven habitat. More detailed analyses require data with significantly higher spatial resolution than
490  that of Landsat. It is therefore envisaged that further research will use data with a GSD of 0.25 m,
491  acquired from the QUERCUS.6 aerial platform, which was used in the present study for image
492  segmentation. This will allow the analysis of the spectral response of individual crowns, using six
493  channels registered in the range from 400 to 1,000 nm. An additional advantage of high-resolution
494 data is the ability to eliminate shadows and clearances between trees, facilitating the analysis of tree
495  properties.

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

502 also be assessed.

503 Acknowledgments: This research was performed under the HESOFF Project (Life 11 ENV/PL/000459), financed

504 by the European Commission and the National Fund for Environmental Protection and Water Management.
505 Author Contributions: ].K. was responsible for tree crowns separation, estimation of the species diversity K.K.
506 was responsible for particular species impact discussion S.N. was responsible for VI changes analysis K.R. was

507 responsible for DTM preparation. ].K. and S.N. analyzed the data. ].K., S.N., and K.K. wrote the paper.

508 Conflicts of Interest: The authors declare no conflict of interest.

509


http://dx.doi.org/10.20944/preprints201801.0247.v1
http://dx.doi.org/10.3390/f9030126

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2018 d0i:10.20944/preprints201801.0247.v1

18 of 23
510  References
511
512 1. Thompson I.; Mackey B.; McNulty S.; Mosseler A. Forest Resilience, Biodiversity, and Climate
513 Change. A synthesis of the biodiversity/resilience/stability relationship in forest ecosystems.
514 Secretariat of the Convention on Biological Diversity, Technical Series, Montreal, Canada, 2009,
515 pp. 43:67.
516 2. Long SP.; Humphries S.; Falkowski PG.; Photoinhibition of photosynthesis in nature. Annu.
517 Rev. Plant Physiol. Plant Mol. Biol. 1994. 45(1-674):633-662.
518 3. Coder KD. Drought Damage To Trees. Warnell School of Forest Resources, 4/99, University of
519 Georgia. 1999.
520 4. Singh A. Digital change detection techniques using remotely-sensed data. Int | Remote Sens.
521 1989, 10(6):989-1003.
522 5. Jensen JR. Introductory digital image processing: A remote sensing perspective. Univ. of South
523 Carolina, Columbus, 1986.
524 6. Allen CD, et al. A global overview of drought and heat-induced tree mortality reveals
525 emerging climate change risks for forests. Forest ecology and management, 2010, 259: 660-684.
526 7. Delzon S.; Urli M.; Samalens J.; Lamy J.; Lischke H.; Sin F.; Zimmermann N.E.; Porté AJ.
527 Field evidence of colonisation by Holm oak, at the northern margin of its distribution
528 range, during the Anthropocene period. PloS one, 2013, 8.11: e80443.
529 8. Sohar K.; Helama S.; Ladnelaid A.; Raiso J.; Tuomenvirta H., Oak decline in a southern
530 Finnish forest as affected by a drought sequence. Geochronometria. 2014, 41.1: 92-103.
531 9. Lindner M.; Fitzgerald J.B.; Zimmermann J.E. et al. Climate change and European forests:
532 What do we know, what are the uncertainties, and what are the implications for forest
533 management?. Journal of environmental management. 2014, 146: 69-83.
534 10. Rummukainen M. Changes in climate and weather extremes in the 21st century. Wiley
535 Interdisciplinary Reviews: Climate Change 2012, 3.2: 115-129.
536 11. Orlowsky B.;, Seneviratne S.I. Global changes in extreme events: regional and seasonal
537 dimension. Climatic Change 2012, 110.3-4: 669-696.
538 12. Lloret F.; Lobo A.; Estevan H.; Maisongrande P.; Vayreda J.; Terradas J.; Woody plant
539 richness and NDVI response to drought events in Catalonian (northeastern Spain) forests.
540 Ecol. 2007, 88(9):2270-2279.
541 13. Kuzminski R.; Szewczyk W.; Korczynski I.; Lakomy P.; Assessment of leaf damage in oak
542 stands in the flood-affected Wotéw Forest Division. For Res Pap. 2015, 76(3):297-303.
543 14. Oszako T. Oak declines in Europe’s forest — history, causes and hypothesis, Procedings of
544 the Recent advances on oak health in Europe. 22-24 Nov 1999, Instytut Badawczy
545 Lesnictwa. Forest Research Institute; Warsaw.
546 15. Menkis A.; Ostbrant I.L.; Wagstrom K.; Vasaitis R.; Dutch elm disease on the island of
547 Gotland: monitoring disease vector and combat measures. Scan | For Res. 2015, 31(3):237-

548 241.


http://dx.doi.org/10.20944/preprints201801.0247.v1
http://dx.doi.org/10.3390/f9030126

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2018 d0i:10.20944/preprints201801.0247.v1

19 of 23
549 16. Menkis A.; Ostbrant IL.; Davydenko K.; Bakys R.; Balalaikins M.; Vasaitis R. Scolytus
550 multistriatus associated with Dutch elm disease on the island of Gotland: phenology and
551 communities of vectored fungi, Mycol. Prog. 2016, 15:55.
552 17. Jensen J.R. Remote Sensing of the Environment: An Earth Resource Perspective (2nd
553 Edition). Prentice Hall Series in Geographic Information Science, 2000.
554 18. Mas JF. Monitoring land-cover changes: a comparison of change detection techniques. Int |
555 Remote Sens. 1999, 20(1):139-152.
556 19. Hui F.; Fu X,; Zhang Z.; Wu Q. Phenology-based vegetation Index Differencing for
557 Mapping of Rubber Plantations Using Landsat OLI Data. Remote Sens, 2015, 7:6041-6058.
558 20. Coppin P.R.; Bauer M.E.; Processing of multitemporal Landsat TM imagery to optimize
559 extraction of forest cover change features. IEEE Trans Geosci Remote Sens. 1994,32(4): 918-
560 927.
561 21. Wang C.; Lu Z. Haithcoat T.L. Using Landsat images to detect oak decline in the Mark
562 Twain National Forest, Ozark Highlands. For. Ecol. Manage. 2007, 240:70-78.
563 22. Nasitlowska S.A.; Kotlarz J.; Rynkiewicz A.; Kacprzak M.; Rotchimmel K.; The Impact of
564 Drought in 2015 on the Forest Condition Determined Using Landsat-8 OLI Images, Lesne
565 Prace badawcze (under review), 2018.
566 23. Volcani A.; Karnieli A.; Svoray T. The use of remote sensing and GIS for spatio-temporal
567 analysis of the physiological state of a semi-arid forest with respect to drought years. For.
568 Ecol. Manage. 2005, 215(1-3):239-250.
569 24. Huete AR.; Liu H.Q.; Batchily K.; van Leeuwen W.A comparison of vegetation indices over
570 a global set of TM images for EOS-MODIS. Remote Sens Environ. 1997, 59:440-451.
571 25. Qi]J.; Chehbouni A.; Huete AR.; Kerr YH.; Sorooshian S. A modified Soil Adjusted
572 Vegetation Index. Remote Sens Environ. 1994, 48:119-126.
573 26. Key C.H.; Benson N.C.; FIREMON: Fire Effects Monitoring and Inventory System. USDA
574 Forest Service, Rocky Mountains Research Station General Technical Report in press., 2006.
575 27. Hardisky M.; Klemas V.; Smart R.The influences of soil salinity, growth form, and leaf
576 moisture on the spectral reflectance of Spartina alterniflora. Photogramm Eng Remote
577 Sensing. 1983, 49:77-83.
578 28. Rouse ].W. Jr.; Haas R.H.; Schell ].A.; Deering D.W.; Monitoring the vernal advancement
579 and retrogradation (green wave effect) of natural vegetation. US: Texas A&M Univ. 1974.
580 29. Huete A.R. A soil-adjusted vegetation index (SAVI). Remote sensing of environment. 1988,
581 25(3): 295-309.
582 30. Gitelson A.; Kaufman A.; Yoram J.; Merzlyak M.N.; Use of a green channel in remote
583 sensing of global vegetation from EOS-MODIS. Remote Sens Environ. 1996, 58(3):289-298.
584 31. Kaufman Y.J.; Tanre D. Atmospherically resistant vegetation index (ARVI) for EOS-MODIS.
585 IEEE Trans Geosci Remote Sens. 1992, 30(2):261-270.
586 32. Hancock D.W.; Dougherty C.T. Relationships between Blue- and Red-based Vegetation

587 Indices and Leaf Area and Yield of Alfalfa. Crop Sci. 2007, 47(6):2547-2556.


http://dx.doi.org/10.20944/preprints201801.0247.v1
http://dx.doi.org/10.3390/f9030126

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2018 d0i:10.20944/preprints201801.0247.v1

20 of 23
588 33. Asner G.P.; Nepstad D.; Cardinot G.; Ray D. Drought stress and carbon uptake in an
589 Amazon forest measured with spaceborne imaging spectroscopy. Proc. Natl. Acad. Sci.
590 U.S.A. 2004, 101(16):6039-6044.
591 34. Brown M.E,; Pinzon JE.; Didan K.; Morisette ].T.; Tucker C.J.; Evaluation of the Consistency
592 of Long-Term NDVI Time Series Derived From AVHRR, SPOT-Vegetation, SeaEiFS,
593 MODIS, and Landsat ETM+ Sensors. IEEE Trans Geosci Remote Sens. 2006, 44(7):1787-1793.
594 35. Product Guide. Provisional Landsat 8 Surface Reflectance Code (LASRC), 2016.
595 36. Kacprzak M.; Rotchimmel K. Creating photogrammetry products with photos acquired by
596 array of non-metric cameras. Prace Instytutu Lotnictwa. 2016 243:120-129.
597 37. Pitkédnen J. et al. Adaptive methods for individual tree detection on airborne laser based
598 canopy height model. International Archives of Photogrammetry, Remote Sensing and Spatial
599 Information Sciences 2004, 36.8: 187-191.
600 38. Stereniczak K. Single tree detection based on airborne LIDAR (ALS) data. Roczniki Geomatyki
601 2009, 7(2): 121-126.
602 39. Wezyk P; Sroga R.; Szwed P. Postex precision positioning of tree trunks on circular
603 inventory plots using the postex device, Roczniki Geomatyki. 2008, 8:109-118.
604 40. Myszkowski M.; Ksepko M.; Gajko K.Tree number detection based on airborne laser
605 scanning data Archiwum Instytutu Inzynierii Lgdowej 2009, Politechnika Poznanska, 6:63-72.
606 41. Heurich M.; Schadeck S.; Weinecker H.; Krzystek P. Forest parameter deriviation from
607 DTM/DSM generated from lidar and digital modular camera (DMC). XX ISPRS Congress.
608 2004, Stanbul, Turkey.
609 42. Falinska K. Ekologia Roslin, 2004, PWN Warszawa, p. 511.
610 43. Bai Y.; Zhuang C.; Ouyang Z.; Zheng H.; Jiang B. Spatial characteristics between
611 biodiversity and ecosystem services in a human-dominated watershed. Ecological
612 Complexity, 2011, 8(2): 177-183.
613 44. Mendenhall C.D.; Shields-Estrada A.; Krishnaswami A.J.; Daily G.C. Quantifying and
614 sustaining biodiversity in tropical agricultural landscapes. Proceedings of the National
615 Academy of Sciences, 2016.
616 45. Wilson A.M.; Walter J. Remotely Sensed High-Resolution Global Cloud Dynamics for
617 Predicting Ecosystem and Biodiversity Distributions. PLoS Biol 2016, 14.3: €1002415.
618 46. Geller G.N et al. Remote Sensing for Biodiversity in The GEO Handbook on Biodiversity
619 Observation Networks. Springer International Publishing, 2017 pp. 187-210.
620 47. Wang R.; Gamon J.A.; Montgomery R.A.; Townsend P.A.; Zygielbaum A.L; Bitan K;;
621 Cavender-Bares J. Seasonal variation in the NDVI-species richness relationship in a prairie
622 grassland experiment (Cedar Creek). Remote Sensing, 2016, 8(2): 128.
623 48. Czapski P.; Kotlarz J.; Kubiak K.; Tkaczyk M. Analiza czynnikowa zdjec¢ wielospektralnych.
624 Prace Instytutu Lotnictwa 2014, 234:143-150.
625 49. Kacprzak M.; Wodzinski K. Execution of photo mission by manned aircraft and

626 unmanned aerial vehicle Prace Instytutu Lotnictwa 2016, 243: 130-141.


http://dx.doi.org/10.20944/preprints201801.0247.v1
http://dx.doi.org/10.3390/f9030126

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2018 d0i:10.20944/preprints201801.0247.v1

21 0f23
627 50. Kotlarz J.; Kubiak K.; Kacprzak M.; Czapski P. Estimation of tree species diversity of forest
628 stands based on their spectral reflectance. Sylwan. 2016, 160:1036-1045.
629 51. Krebs C.J. Ecological methodology. New York: Harper & Row, 1989.
630 52. Kowalkowski A.; Hoffman M.; Wecko D. Root system development of cherries in gley soils.
631 Roczniki Gleboznawcze XXIV, 1973.
632 53. Agyare W.A. Soil characterization and modeling of spatial distribution of saturated
633 hydraulic conductivity at two sites in the Volta Basin of Ghana. Cuuvillier Verlag. 2004, 17:84.
634 54. Sapek A. Dissolved organic carbon in water from peat soil on Lawki mire. Roczniki
635 Gleboznawcze. 2009, 2:89-101.
636 55. Pastor J.; Post W.M. Influence of climate, soil moisture, and succession on forest carbon and
637 nitrogen cycles. Biogeochemistry. 1986, 2:3-27.
638 56. Hu B.; Simon J; Glinthardt-Goerg M.S; Arend. M; Kuster T.M; Rennenberg H. Changes in
639 the Dynamics of Foliar N Metabolites in Oak Saplings by Drought and Air Warming
640 Depend on Species and Soil Type. PloS one, 2015, 10(5):e0126701.
641 57. Cater M. Osmotic adaptation of Quercus robur L. under water stress in stands with
642 different tree density — relation with groundwater table. Dendrobiology. 2011, 65:29-36.
643 58. Vivin P.; Aussenac G.; Levy G. Differences in drought resistance among 3 deciduous oak
644 speciesgrown in large boxes. Ann Sci For. 1993, 50:221-233.
645 59. Raftoyannis Y.; Radoglou K.Physiological Responses of Beech and Sessile Oak in a Natural
646 Mixed Stand During a Dry Summer Ann Bot.1, 2002, 89(6):723-730.
647 60. Thomas F.M.; Gausling T. Morphological and physiological responses of oak seedlings
648 (Quercus petraea and Q. robur) to moderate drought. Annals of Forest Science react-text 2002,
649 57(4):325-333
650 61. Pietrzykowski M.; Krzaklewski W.; Likus J.; Wo$ B Assessment of english oak (Quercus
651 robur L.) growth in varied soil-substrate conditions of reclaimed Piaseczno sulfur mine
652 dump. Folia Forestalia Polonica, series A, 2015, 57 (1): 28-32
653 62. Dzwonko Z.; Loster S. Vegetation Differentiation and Secondary Succession on a Limestone
654 Hill in Southern Poland. Journal of Vegetation Science. 1990, 1:615-622.
655 63. Epron D.; Dreyer E. Starch and soluble carbohydrates in leaves of water-stressed oak
656 saplings, Ann. Sci. For. 1996, 53: 263-268.
657 64. Osonubi O.; Davies W.]. Solute accumulation in leaves and roots of woody plants subjected
658 to water stress, Oecologia. 1978, 32:323-332.
659 65. Urli M.; Lamy ].B.; SinRégis F.; Delzon B.S.; The high vulnerability of Quercus robur to
660 drought at its southern margin paves the way for Quercus ilex. Plant Ecology 2015,
661 216(2):177-187.
662 66. Ashton P.; Berlyn G.P. A Comparison Of Leaf Physiology And Anatomy Of Quercus
663 (Section Er Ythrobalanus- Fagaceae) Species In Different Light Environments. American
664 Journal of Botany 1994, 8, 1(5): 589-597.
665 67. Abrams M.D. Adaptations and responses to drought in Quercus species of North America.

666 Tree Physiol. 1990 7:227-238.


http://dx.doi.org/10.20944/preprints201801.0247.v1
http://dx.doi.org/10.3390/f9030126

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2018 d0i:10.20944/preprints201801.0247.v1

22 0f 23
667 68. Glowacki D.; Stawska M.; Stawski M. The dynamics of northern red oak (Quercus rubra L.)
668 in managed forests of central Poland. Lesne Prace Badawcze. 2016, 77: 32-41.
669 69. Dickson R.E.; Tomlinson P.T. Oak growth, development and carbon metabolism in
670 response to water stress. Annales des Sciences Forestieres 1996, 53:181-196.
671 70. Dat J.E.; Parent C. Differential responses in sympatric tree species exposed to waterlogging.
672 Tree physiology. 2012, 32(2).
673 71. Tyree M.T.; Cochard H. Summer and winter embolism in oak: impact on water relations.
674 Annales Des Sciences Forestieres. 1996, 53:173-180.
675 72. Kubiske M.E.; Abrams M.D. Photosynthesis, water relations, and leaf morphology of xeric
676 versus mesic Quercus rubra ecotypes in central Pennsylvania in relation to moisture stress.
677 Canadian Journal of Forest Research. 1992, 22(9): 1402-1407.
678 73. Parker W.C,; Pallardy S.G.; Hinckley T.M.; Teskey R.O. Seasonal Changes in Tissue Water
679 Relations of Three Woody Species of the Quercus-Carya Forest Type. Ecology. 1982, 63(5):
680 1259-1267.
681 74. Hinckley T.M.; Teskey R.O.; Waring R.H.; Morikawa Y. The water relations of true firs. In
682 True Fir, Proceedings of the Biology and Management of True Fir, Pacific Northwest
683 Symposium. 1982, 45:85-92.
684 75. Roberts S.W.; Knoerr K.R. Components of water potential estimated from xylem pressure
685 measurements in five tree species. Oecologia. 1877, 28(2): 191-202.
686 76. Danielewicz W.; Wiatrowska B. Inwazyjne gatunki drzew i krzewdw w lasach Polski. 2014,
687 Peckiana. 9: 59-67.
688 77. Sass-Klaassen U.; Chowdhury Q.; Sterck F.J.; Zweifel R. Effects of water availability on the
689 growth and tree morphology of Quercus pubescens Willd. and Pinus sylvestris L. in the
690 Valais, 2006, Switzerland, SECTION 1 CULTURAL HERITAGE: 206.
691 78. Kurkela T.; Jalkanen R. Revealing past needle retention in Pinus spp. Scandinavian Journal of
692 Forest Research. 1990, 5(1-4):481-485.
693 79. Farrar J.L. Trees in Canada, Fitzhenry & Whiteside Limited, Markham, Ont., and the
694 Canadian Forest Services, Ottawa, Ont, 1st ed., 1995.
695 80. Gu M. et al. Effect of Water Deficit on Gas Exchange, Osmotic Solutes, Leaf Abscission, and
696 Growth of Four Birch Genotypes (Betula L.) Under a Controlled Environment. HortScience.
697 2007, 42:1383-1391.
698 81. Ranney R.; Skroch W.A. Comparative drought resistance among six species of birch
699 (Betula): influence of mild water stress on water relations and leaf gas exchange. Tree
700 Physiology. 1990 8(4):351-360.
701 82. Humphries R.N.; Jordan M.A.; Guarino L. The effect of water stress on the mortality of
702 Betula pendula Roth. andBuddleia davidii Franch. seedlings. Plant and Soil. 1982, 64(2): 273-
703 276.
704 83. Carreiras J.; Pereira J.; Pereira JS. Estimation of the canopy cover in evergreen oak

705 woodlands using remote sensing. For. Ecol. Manage. 2006, 223(1-3):45-53.


http://dx.doi.org/10.20944/preprints201801.0247.v1
http://dx.doi.org/10.3390/f9030126

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2018

706
707
708
709
710
711
712
713
714
715
716
717
718

84.

85.

86.

87.

88.

23 of 23

Ismail R.; Mutanga O.; Bob U. Forest health and vitality: the detection and monitoring of
Pinus patula trees infected by Sirex noctilio using digital multispectral imagery. South For.
2007, 69(1):39-47.

Schwantes A.M.; Swenson ].J.; Jackson R.B. Quantifying drought-induced tree mortality in
the open canopy woodlands of central Texas. Remote Sens Environ. 2016, 181:54-64.

Horler D.; Ahern F. Forestry information content of thematic mapper data. Int | Remote
Sens. 1986, 7(3):405-428.

Collins J.B.; Woodcock C.E. An assessment of several linear change detection techniques for
mapping forest mortality using multitemporal Landsat TM data. Remote Sens Environ, 1999,
56:66-77.

Vogelmann J.; Rock B. Assessing forest damage in high-elevation coniferous forests in
Vermont and New Hampshire using thematic mapper data. Remote Sens Environ. 1988,

24:227-246.

d0i:10.20944/preprints201801.0247.v1


http://dx.doi.org/10.20944/preprints201801.0247.v1
http://dx.doi.org/10.3390/f9030126

