
Introduction

Forests are the most vulnerable terrestrial ecosystems 
in terms of a loss of health due to climate change, which 
is projected in some climate scenarios – i.e. IPCC RCP 
6.0, RCP 8.5 (business as usual) – to be a dominant 

stressor on terrestrial ecosystems in the second half 
of the 21st century [1]. Increasing temperatures and 
drought stress have negative impacts on forest diversity, 
structure, function, health and distribution [2], as well 
as services to humanity (i.e. economic value) [3]. Forest 
growth rates are significantly correlated to climate 
[4], and strongly influenced by water availability [5]. 
Projected changes in climate may occur much faster 
than the rate at which species and ecosystems are able 
to adapt [6], and as a result, present forest ecosystems 
will be affected by new environmental conditions. 
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This raises the question of whether ecosystems 
will be able to adjust, or if their health will decay, 
resulting in deforestation [7] and changes in species 
distributions [8]. Increasing temperatures and drought 
stress effect nutrient availability for forests ecosystems 
but mechanisms of these phenomena are still not fully 
understood [9-11]. In general, nitrogen and phosphorus 
capacity, as well as other nutrients, will increase under 
elevated CO2 levels [12]. Predicted atmospheric CO2 
concentration elevations will result in a warming of an 
average of 1-3.5ºC for mid-latitude regions, with more 
frequent and longer droughts [13]. This plant stress 
factor strongly affects the growth, gas exchange, cells 
division, phytohormones production, and the metabolic 
and transport processes in plants [6, 13]. An increase in 
the frequency of drought is likely to reduce the supply 
and uptake of nutrients and change their redistribution 
in soils [14-16]. The amount of available N and P in soil 
limit plant growth; accordingly, understanding the N 
and P cycles under new climatic conditions, including 
forests’ response to droughts, becomes very important, 
because of impact on tree structure and function.

During long-term drought stress, water availability 
is the main factor that limits plant growth. Meta-
analysis of 155 plant observations from 25 studies 
confirmed that drought stress (DS) generally decreases 
absolute values of plant N (-3.73%) and P (-9.18%), but 
increases plant N:P ratio (+ 6.98%) [17].

DS may enhance N and P limitation on plant growth 
but these effects may be only transient. Furthermore, 
drought stress-induced enhanced N and P limitations 
on plant growth (P more than N) are stronger during 
short-term drought (less than 90 days) [18, 19]. 
Ectomycorrhises have the ability to increase plants 
tolerance to drought stress and help plants to survive in 
condition of deficiency of nutrients [20]. In the natural 
environment, P and N occur together in organic media 
and their uptake requires a complex set of intracellular 
enzymes associated with roots and ectomycorrhises. 
Ectomycorrhises increase and ensure the continuous 
uptake of nitrogen and phosphorus by plants under 
the influence of DS. Differences in nutrient intake 
during water deficit may result from the morphology 
and physiology of hyphae, mycorrhiza and mycelium, 
and is dependent on fungal species. Therefore, the 
study of enzyme activity and species diversity of 
mycorrhizal fungi is an important research in order to 
fully understand, predict and model the sustainability of 
forests in drought conditions [21].

Pedunculate oak (Quercus robur. L) is one of the 
European tree species more sensitive to drought, with 
the water limitation immediately showing as decline 
symptoms of the crown [22]. Oak forest stands in 
Europe and America were repeatedly reported as 
sensitive to drought phenomena [23-29]. It is expected 
that within the next 50-100 years, the mean drought 
duration in Europe will become considerably longer, 
the drought period frequency and duration variability 
will increase and extreme climate events will be more 

common [30]. In Poland, examples of the local drought 
impact on forest ecosystems are investigated for  
the Primeval Forest of Białowieża [31], the Niepołomice 
oak forest [32], the oak stands of the Krotoszyn Plateau 
[24] and the Silesian Beskid mountain range area [33]. 
In 2015, Europe experienced a long-term drought with 
Central and Eastern regions of the continent, including 
North Slovakia, Czech Republic and Poland [34] 
receiving the highest intensity. Meteorological data 
and literature study from the years 1951-2018 clearly 
confirmed the occurrence of severe drought phenomena 
in Poland during 2015.  

Total precipitation for that year was 259 mm, which 
was the lowest in the history of observations for the 
station at Kalisz (near Krotoszyn Plateau). In contrast, 
total annual precipitation for the same 1951-2018 period 
was 502.6 mm, underscoring the significance of the 
2015 drought problem. 

In 2016  the rainfall was low until July when a 
higher amount of precipitation was observed (Fig. 2). 
Regarding the methods of drought classification [35] 
the drought can be classified as a long-term drought.  
It can be considered as a 24- month precipitation 
drought due to the low precipitation in vegetation 
seasons of 2015, 2016 and 2017 and its reference to the 
history of observations. In the investigated drought 
period (2015-2017) the averages of the rainfall stated for 
85 % of mean value from 1951-2018 [35].

The effects of drought were the strongest in the 
Wielkopolska district (west Poland), lasting for 100 
days in 2015. This region is the most valuable of oak 
forest complexes in Poland. The Krotoszyn oak stands 
are the largest concentration of more than 100-year-old 
oak stands occurring in large forest complexes and the 
main species is pedunculate oak (Q. robur L.) [36].

The objective of the study was to evaluate the 
effect of drought on oak (Q. robur L.) nutrient status 
expressed by N and P content in leaves. For this purpose 
we analyzed remote sensing and in situ data in machine 
learning method. We collected data from Krotoszyn 
Forest District during three vegetation seasons in 2014, 
2015 (drought season) and 2017. In-situ data were 
collected in 2015 and aerial images were collected from 
2014, 2015 and 2017. We performed the categorization 
of the type of drought according to He & Dijkstra meta-
analysis (2014) on the long and short-term drought type 
and evaluated the impact of both types on nutritional 
status of oaks [17].

Material and Methods

Temperature and Precipitation Monitoring

Meteorological data was obtained from the 
meteorological data sharing service at the Institute of 
Meteorology and Water Management-National Research 
Institute in Warsaw 317 (IMGW-PIB 2018). For the 
purposes of the analyses the meteorological station 
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Kalisz was chosen. It is the closest station with long, 
uninterrupted history of observation. The distance 
to the research area is about 40 km. According to 
historic meteorological data obtained from the Institute 
of Meteorology and Water Management during the 
period of 2014-2018 temperature historic pattern was 
retained [37]. The reference year 2014 is comparable  
to the mean values for the station. Climate chart were 
created for the reference year of 2014 and following years 
with drought – 2015, 2016, 2017, and for 2018. (Fig. 2). 
Data was compared to the history of observations  
of 1951-2020 (Fig. 2), as well.

In-situ and Remote Sensing Data

The N and P concentrations in the leaves of 54 
oaks (Q. robur L.) selected on the experimental area, 
near Krotoszyn (51.7037 N, 17.5650 E), Wielkopolska 
region, were investigated in situ during the course of 
the growing season in 2015. Oak stands cover a total 
surface of 111.6 ha, and it is characterized by stagnic 
luvisol and forests habitat – fresh type [38]. Common 
oaks are mainly observed: 123-133 years old on the 
north and west part of the area and 60-75 years old on 
the south and west part and 89 years old pine on the 
east side. All oak heights were found to be between 
29-30 m. The average oaks DBH (Diameter at Breast 
Height) is determined with an accuracy of 1 cm on the 
basis of 5-10 measurements made in the stand in places 
representative for a given division. Main species in the 
Forest Data Bank 317 [38] are defined as species whose 
surface area exceeds 5% of the whole division area. 

Species with the area between 1 and 5% are listed as 
“admixture species” (Table 1).

Oak leaves were taken from the luminous part of the 
crowns by alpinists. The leaves were secured in plastic 
bags and transported at 4ºC to the laboratory. Chemical 
analysis of the oak leaves was carried out in the chemical 
laboratory of the Department of Agricultural Chemistry 
at the Life Sciences University in Warsaw (N: Kjeldahl 
method, P: ICP-OES). Soil samples were collected two 
times during the growing season in 2014 and 2015 (May 
and July). Each sample was collected under the selected 
oak tree from a 0.5 m depth, placed into plastic bags and 
transferred to the Chemical and Agricultural Station in 
Warsaw, where the chemical analysis of the soil samples 
was performed.

In 2014, 2015 and 2017, photogrammetric flights 
over the HESOFF Project test areas was performed 
using the QUERCUS.6 multispectral platform [39]. 
Three optical (460, 550 and 640 nm) and two NIR bands 
(730 and 820 nm) were used to make measurements 
during the flights. From the collected data, for each year 
5-band orthophotomaps were prepared using ArcGIS 
software, with a 0.25 m resolution. The images were 
acquired with a block of non-metric cameras designed 
for remote sensing applications within the spectral 
range of 400-1000 nm. This property had no influence 
on the quality of the data, as the usefulness and 
interpretative potential of the studies is no worse than 
in the case of using typical precalibrated cameras [39]. 
The camera parameters were selected based on the 
available parameters of the platform, i.e., the geometric 
and time resolution (particularly important for the 

Fig. 1. Left: A total of 54 oaks (Q.  robur  L.) belonging to the training set of the deep learning algorithm marked on the ortophotomap 
(false color: 730 nm, 550 nm, 640 nm) obtained from QUERCUS 6 multispectral platform in July 2015. Forest divisions marked. Right: 
Digital Terrain Model (DTM) created with usage of ALS data. Black polygons state for forest divisions used in the research. Date of 
acquisition: 2016. 
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channels at 760 and 850 nm). It was decided that the 
ground sampling distance (GSD) sufficient for remote 
sensing tests was 0.25 m, with single image dimensions 
of 1200 x 804 pixels.

Due to the high shooting height, the focus was set 
as infinity. The accuracy of geometric calibration of the 
orthophotomaps was high, as the total RMSE values of 
did not exceed 0.1 m [40].

Tree Crown separation

The segmentation of tree crowns consisted of 
determining single crowns from the differential 
elevation model nDSM (calculated by subtracting the 
digital terrain model (DTM) from the digital surface 
model (DSM). This model was generated from a point 
cloud established using ArcGIS Desktop software 
from the matching of the acquired images, using the 
QUERCUS.6 platform with a GSD of 0.25 m [41]. The 
watershed algorithm operating on the nDSM was used for 
the segmentation of tree crowns [40].

Machine learning

Following this, the tree crown segmentations of 
all 54 oaks with known nitrogen and phosphorus 
concentrations in the leaves were selected. The average 
reflectance I and reflectance variability σ were 
calculated for the five bands. This dataset with known  
N and P concentrations was used as the learning 
set [42-44] in the linear regression with multiple 
variables (LRMV) algorithm which is one of the 
machine learning methods [45-50]. The main goal of 
LRMV method is to find the linear dependencies 
between reflectance intensity and variability in 
five optical channels and parameters we want to 
estimate for all trees, P and N concentrations in this 
particular case. The coefficients form a vector θ 
which is our LRMV model. Finally, by applying the 
gradient descent method with a step precision of  
δ =~3*10−7 θ models for the N and P leaf concentrations 
was estimated. Nutrients con- centrations hθ in the tree 
leaves were estimated using simple equation: 

where h0 is calculated nutrient concentration in the 
tree leaves, x → is a vector describing tree reflectance 
and the standard deviation of the reflectance in the five 
wavelengths, defined as: 

is the scalar product and θ 
→
 parameter vector minimize 

the cost function J:

where n is the number of the samples in the learning set 
(54 here) and Vtree is the in-situ nutrient concentration of 
the tree.

Nitrogen and Phosphorus Concentration 
Estimation

N and P concentrations in 2014, 2015 and 2017 
were estimated using equation 1 for all trees crowns 
separated in “Tree crown separation” section above. All 
trees were categorized into three categories (nutrient 
concentration deficiency, sufficient concentration, 
optimal concentration) using nutrient concentrations 
values described in the report of Dróżdż and coauthors 
in 2015, N concentration deficiency below 15 g/kg, 
sufficient N concentration between 15 and 25 g/kg and 
optimal N concentration over 25 g/kg; P concentration 
deficiency below 1.0 g/kg, sufficient P concentration 
between 1.0 and 3.0 g/kg and optimal P concentration 
over 3.0 g/kg [51] .

Results and Discussion

Forest stands constitute approximately 82% 
of terrestrial biomass and over 50% of terrestrial 
biodiversity. They fulfill many key functions in mitigating 

Table 1. Forest parameters of the forest divisions used for the training set, containing 54 oaks [35], in all forest divisions the soil type 
was characterized as Stagnic luvisoil.

Division Stock 
[m3 ha−1]

DBH 
[cm]

Stand density 
[trees ha-1] Main species Admixture species

DBS128 375 47 121,9 Q. robur (100%) Carpinus betulus L., Tilia cordata 
Mill., Acer pseudoplatanus L.

DBS98 283 37 159,7 Q. robur (60%), P. sylvestris (20%), 
C. betulus (20%) Carpinus betulus L.

DBS134 385 42 73.3 Q. robur (100%) Carpinus betulus L.

DBS124 375 42 128.6 Q. robur (100%) Carpinus betulus L., Fagus sylvatica 
L., Pinus sylvestris L.
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climate changes, provide the nutrient cycling, carbon 
sequestration, water and air purification, and wood 
production. Forecasted changes in climate predict an 
increase in the frequency and elevated drought duration 
on a global scale, which may affect the availability of 
nutrients for tree growth and sustainability, productivity, 
and the function of forest ecosystems [17].

Drought stress, in general, reduces nutrient 
availability in the soil, uptake by roots, transport from 
roots to shoots and partitioning in plants because of 
restricted transpiration rates and impaired active transport 
and membrane permeability [52-54]. Water stress 
reduces plant growth by affecting various physiological 
and biochemical processes, such as photosynthesis, 
respiration, translocation, ion uptake, carbohydrates, 
nutrient metabolism and growth promoters [55, 56].

The data for year 2015 show that annual precipitation 
was the lowest in the history of observation (starting in 
1951). The rainfall decreased during year 2015 causing 
severe drought. Its significant increase was observed in 
2016. The beginning of 2017 was a period of decreased 
amount of rainfall, which caused the drought at the 
beginning of the growing season. 

The classification of drought types based on 
meteorological data included analysis of DS periods 
with no rainfall and its influence on the amount of N 
and P in vegetation. Impact of short- and long-term 
drought is presented in a section below. 

Nitrogen and Phosphorus Content in Oak Leaves 
during Short- and Long-Term Drought

The chemical analysis of the soil samples in July 
2014 showed an average N content of 0.12 (±0.10) g/kg 
and P content of 3.14 (±2.33) g/kg. The following 
year, the concentrations of N and P were calculated 
as 0.14(±0.10) and 4.3 (±3.83) g/kg soil, respectively. 
Statistical test for N content means is 0.77 which is 
smaller than critical value of t-student test for p = 0.05 
(2.004). Statistical test for P content means is 0.61 
which is also smaller than critical value of t-student 
test. This indicates that soil amounts for both nutrients 
were sufficient in 2014 and 2015. Note that data was 
not obtained from 2017. All of the trees selected for  
the training set for the deep learning algorithm  
belong to the north-west part of the stand (Fig. 1), 

Fig. 2. Left: Monthly precipitation sums (black) and average temperatures (blue) in 2014-2018 measured by Kalisz (Krotoszyn) 
meteorological station 317. Top Right: Annual precipitation sums (black) in 1951-2018 measured by Kalisz (Krotoszyn) meteorological 
station 317 (IMGW-PIB 2018). Axis: X – months, Y – Right: temperature [ºC], Left: Precipitation [mm]. 
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Two linear models were determined using the machine  
learning algorithm. For phosphorus, θ P = [0.142,
0.345, -0.090, 0.130, -0.214, -0.219, 0.301, -0.021, 
0.053, 0.014,-0.079] with a cost function of  
JP = 0.088 and for nitrogen θ N = [0.164, 0.503, -0.065, 

located within the 4 divisions (total area 44.0 ha) 
of the Forest Data Bank described in Table 1. 
The machine learning training set for the P and N 
concentrations measured in 2015 and the corresponding 
remote sensing data are described in Appendix A 

Fig. 3. Top row of pictures: Classification of trees due to the nitrogen concentration in leaves before drought (2014), during short-term 
drought (2015) and during long-term drought (2017). N concentration: red - below 15g/kg, blue<25g/kg, green>25g/kg. Middle row of 
pictures: Classification of trees due to the phosphorus concentrate on in leaves before drought (2014), during short-term drought (2015) 
and during long-term drought (2017). P concentration: red - below 1.0 g/kg, blue- between 1.0 and 3.0 g/kg, green over 3.0 g/kg. Bottom 
row of pictures: Classification of trees due to the N:P value before drought (2014), during short-term drought (2015)  and during long-
term drought (2017). N:P values: green below 8.33, grey between 8.33 and 15.0, blue over 15.0.
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0.254, -0.170, -0.095, 0.356,-0.151, 0.255, 0.264, 0.185], 
with JN = 0.252.

Differences of nutrients content between 2014/2015, 
2014/2017 and 2015/2017 (Table 2) are statistically 
significant for p = 0.05 with following 2 exceptions: in 
division D134 N content difference between 2015 and 
2017 is statistically insignificant (test value = 1.39), 
in division D98 P content difference between 2014 and 
2017 is statistically insignificant (test value = 1.24). 
N:P ratio differences between 2014 and 2015 were 
statistically insignificant for p = 0.05 (test values  
0.27-0.74). N:P ratio differences between 2014/2017 
and 2015/2017 were significant only for D134 and D96 
(decreases).

The watershed algorithm separated 4,721 tree crowns 
with an average area of 21.52 m2. Results obtained from 
the deep learning algorithm and multispectral images 
indicate that the N concentration in oak leaves calculated 
using equation 1 were on average: 28.88(±5.03) g/kg 
in 2014, 22.11(±4.05) g/kg in 2015 and 23.42(±3.31) g/kg
in 2017. Average phosphorus concentrations in the 
leaves calculated using equation 1 were given as: 
2.12(±0.63) g/kg in 2014, 1.56(±0.34) g/kg in 2015 
and 1.91(±0.53) g/kg in 2017. Leaf N concentration 
decreased in all tested forest divisions during drought 
periods by an average of 6.76(±2.92) g/kg in 2015 
and 5.45(±4.46) g/kg in 2017. The largest decrease in 
2015 was observed in the DBS128 division (average 
-6.83 g/kg). The other N concentration decrease was 
similar (-6.37 -6.47 g/kg) for the other three divisions. 
In 2017, the smallest reduction of N concentration was 
observed in leaf samples from the DBS134 division 
(-4.55 g/kg), with the other three divisions experiencing 
similar decreases (-5.28 up to -5.70) (Table 2, Fig. 3).

Similarly, the P concentration in oak leaves 
decreased in all tested forest divisions during drought 
periods by an of average 0.56 (±0.65) g/kg in 2015 and 
0.21(±0.62) g/kg in 2017. The greatest decrease in 2015 
and 2017 was observed in the DBS128 division (average 
of -0.55 g/kg in 2015 and -0.36 in 2017), with the other 
three divisions experiencing similar reductions (average 
of -0.39 up to -0.42 g/kg in 2015 and -0.09 up to -0.16 g/kg 
in 2017) (Table 2, Figure 3). The nitrogen to phosphorus 
ratio (N:P) in oak leaves from the divisions DBS124, 
DBS134, and DBS98 were the lowest in 2014 (average 
of 15.42±4.77; 15.17±5.11 and 15.21±4.59, respectively), 
lowest in 2015 (average of 15.19±5.02; 14.78±4.87 and 
14.70±5.12, respectively) and the lower in 2017 (average 
of 14.85±6.69; 13.19±5.53; 13.24±5.27, respectively). In 
the DBS128 division, a different situation was observed; 
N:P increased during the observation years. In 2014, an 
average 14.86±5.31 was found, with the ratios in 2015 
and 2017 having similar values (average of 15.06±5.18 
and 15.09±6.70, respectively (Table 2, Fig. 3).

It should be mentioned here that the role of machine 
learning was to estimate the relationship between the 
observed reflectance and the N and P contents in tree 
leaves measured traditionally. Other parameters such as 
the content of elements in the soil, soil type etc. have 

been investigated by traditional methods. While machine 
learning methods are often used in a broader context, 
we felt that they should be used with high attention. 
We used them to link leaf chemistry parameters and 
leaf reflectance. In this way, we estimated the content 
of N and P in leaves, measured in the laboratory in 
the training set, for the entire area of the stand. We 
believe that in the current state of knowledge, the role of 
machine learning in this task should end.

Machine Learning Model Interpretation

Nitrogen deficiency in plants is associated with many 
negative effects, such as growth inhabitation, and the 
yellowing of the leaves, as a result of disturbed chlorophyll 
synthesis, disturbance in soil uptake mechanisms, etc., 
and therefore can be taken as an indirect and relative 
indicator of the condition of trees. Calculations from the 
machine learning algorithm model reflect this 
phenomenon with a positive factor related to the green 
wavelength (+0.254, 4th component of N). Chlorophyll 
synthesis reduction also causes a fall in the infrared 
reflectance (over the “red edge”; the 880 nm optical 
band in our case). This observation is also confirmed 
with the model: a +0.264 factor related to the 880 nm 
waveband (10th component of N). In addition, observed 
correlations between phosphorus concentration in leaves 
and the intensity of the photosynthesis [57] reflected in 
the biomass spectral signatures by increasing the depth 
of the “red edge” at the red wavelength [61] is observed 
by the model at the 640 nm waveband (-0.219,  
6th component of P) and the 550 nm waveband (+0.130, 
4th component of P).

Nitrogen (N) is a key nutrient for the growth and 
development of plants as it is involved in the synthesis 
of chlorophyll, amino acids, nucleic acids and proteins. 
Water stress can reduce the available N uptake, resulting 
in the reduced production of nitrogen compounds [59]. 
Phosphorus (P) is an important macronutrient that,  
in addition to its structural function, increases the  
ability of plants to tolerate drought stress [18, 60]. 
Phosphorus contributes to the prolongation of the root 
system and causes modifications of physiological, 
morphological and biochemical processes, positively 
influencing plant growth during drought [61-63]. Most 
of the published studies investigate the relationship 
between drought stress and N and P uptake by 
agricultural crops plants. Much less attention has been 
paid to assessing the relationship between drought  
and conversion of N and P in forest trees; an interesting 
area of research as it is related climate change 
projections.

Nitrogen and Phosphorus Concentration Decrease: 
Short-Term drought Case

According to the results of metadata analysis 
published by He and Dijkstra  in 2014, the DS effect on 
N and P concentrations was a decrease in concentrations 
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by 10.2 (±6.2)% and -18.1 (±8.9)%, respectively [17].  
In our study, a strong effect of drought on nitrogen and 
phosphorus levels in oak leaves was also observed. The 
reduction in 2015 of nitrogen and phosphorus was -24% 
and -26%, respectively, compared to 2014 (without 
drought symptoms), while the soil amounts for both 
nutrients were sufficient (0.14 N and 4.30 P g/kg of soil 
in 2015). The uptake of nitrogen and phosphorus was 
disturbed because drought, decreased the soil water 
availability for external mycelium of mycorrhizal fungi 
in roots. The efficiency of nutrient uptake from soil is 
affected by the mycorrhizal community associated 
with fine roots of trees [64]. Ectomycorrhizal (ECM) 
communities play key role in belowground carbon flux 
and turnover, mycorrhizosphere microbial activity, 
organic matter, and have a significant effect on the 
ECM communities of oaks (Quercus petrea, Q. robur) 
throughout Europe [64-66]. ECM can improve nutrient 
acquisition, particularly phosphorus (P) and nitrogen 
(N) [66, 67]. It is still unclear if fluctuations in nutrition 
availability directly affect the fungi, or whether changes 
in community structures are mediated via the host plant. 
Moreover, it has been concluded that nitrogen deposition 
can alter plant community composition by changing the 
community of mycorrhizal fungal symbionts [68]. Many 
studies have shown that the extent of ectomycorrhizal 
symbiosis within plant roots can be negatively affected 
by drought, with the effect of this impact noticed in the 
tree crowns [64, 66, 69]. 

Changing abiotic conditions can alter the impact 
of biotic interactions. The cost-benefit ratio of 
ectomycorrhizal symbiosis varies under different 
environmental conditions and the host plants regulate 
their EMF (ectomycorrhizal fungi) partners under 
changing environmental conditions. Drought, like many 
other biotic and abiotic stressors, causes changes in the 
composition of ectomycorrhizal fungi communities. 
Stressors are driving the dismantling of ectomycorrhizal 
communities as they have altered the relationship 
through symbiosis, favoring fungi with low carbon 
requirements as the host’s ability to photosynthesize 
has been impaired [70]. The characteristics of 
ectomycorrhizal communities reflect the nutritional 
needs of their host plants, with communities composed 
of efficient foragers with high carbon requirements 
dominating in nutrient deficient soils [71]. For example, 
the abundance of the mycorrhizal fungus Geopora spp. 
Was positively associated with the growth of the host 
plants in a study of trees that experienced drought over 
an extended period [72]. Also, Passiflora edulis trees 
that survived the extreme drought were dominated by 
members of this EMF community [73]. Dismantling 
ectomycorrhizal communities can be a critical response 
to stress that favors the host tree and a subset of the 
mycorrhizal community. The disassembly of the 
community causes convergence towards several closely 
related general ectomycorrhizal species, which has 
negative consequences for the distribution of previously 
dominant fungi, but may be beneficial for the host plants 

because the remaining members of the mycorrhizal 
community were better mutants in the current drought 
conditions [70, 72].

Our results indicate a greater effect of drought on 
N concentrations than in the He and Dijkstra (2014) 
study (<-20%) in all four forest divisions [17]. Under 
drought conditions, water saturated soil is a reduced 
chemical environment and may also shift to an oxidized 
state. During drought, nitrogen can be compromised by 
micronutrients combining with macronutrients, forming 
a perfect storm that adds strength to the basic stress 
effect. Micronutrients help macronutrients to relieve 
drought by activating certain physiological, biochemical 
and metabolic processes in the plant. Drought causes 
an increased production of reactive oxygen substances 
(ROS) due to the accumulation of energy under plant 
stress conditions, which causes a photo-oxidative effect 
and damage to chloroplasts membrane. Macronutrients 
reduce the toxicity of ROS during drought by increasing 
the concentration of antioxidant enzymes in the plant 
cell. These enzymes remove ROS and reduce photo-
oxidation, maintain membrane integrity, and increase 
the rate of photosynthesis in plants. Micronutrients also 
increase the concentration of antioxidants and improve 
the drought tolerance of plants. In other mechanisms, 
nutrients such as P, K, Mg, and Zn improve root 
growth, which in turn increases water uptake, which 
helps regulate the stomata and enhances drought 
tolerance. Potassium and Calcium help maintain the 
high water potential of the tissues in conditions of water 
deficit and improve drought tolerance through osmotic 
adjustment. Micronutrients such as Cu and B mitigate 
the adverse effects of drought indirectly by activating 
the physiological, biochemical and metabolic processes 
taking place in the plant organism. (Role of mineral 
nutrition in alleviation of drought stress in plants [74].

The soils of oak stands on the Krotoszyn 
Plateau belong to the Luvisols (stagnosols) class 
(stagnic luvisosol particular on our test area), with the 
predominance of clay and low permeable parent rock, 
characterized by the highest content of C and N in 
surface layers (up to 40 cm depth), and groundwater 
at a depth of about 1 m [24, 75]. A short but strong 
drought in 2015 resulted in a reduction of groundwater 
levels by 2-2.5 m (local consultation) and was a serious 
stress factor with the ability to significantly affect the 
microbial community associated with oak fine roots 
and nutrition uptake. Studies on the impact of drought 
on European oaks depending on the type of soil were 
conducted by Hu et al in 2015 who observed a varied 
response of seedlings of three Central European oak 
species (Q. robur, Q. petraea, Q. pubescens) for drought 
depending on the length of its duration and type of soil 
(in example acidic and calcareous) [79]. In response to 
droughts, they found an increase of the potassium content 
and N-soluble N-protein concentration at the expense 
of structures of N compounds in the leaves of all three 
oak species, but the intensity of the stress reaction 
varied depending on the species and soil. Q. robur was 
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the most sensitive to drought stress among the species 
studied. In all oaks, worse reactions were observed in the 
acidic soil for drought in comparison to the calcareous. 
Hu et al. reported in 2015 that reaction intensity of 
foliar N metabolism to the drought-rewetting course 
was also highly dependent on soil substrate.  They also 
observed that short drought event was not intense enough 
to induce significant changes, but the repeated drought 
event applied significantly induced the formation of more 
N- soluble protein and amino acids [76].

The dependence between the soil type and the 
intensity of the Central European oak response to 
drought stress was also confirmed by a study of 
Günthardt-Goerg and coauthors in 2013 [77]. On the 
other hand, some authors did not notice any significant 
influence of drought and temperature increase on N 
content in Q. robur and Q. petrea leaves observed in 
Switzerland and no influence of the provinces and soil 
types [78]. They found that both oaks species tested 
are less sensitive, because of their distribution covering  
a wide range of geographical and clear, moderate climate 
change in Switzerland and moderate global warming 
will not negatively affect N and carbon physiology of  
Q. robur and Q. petraea [78].

Two oak divisions with almost the same trees 
parameters - DBS128 and DBS124 - were characterized 
by different N concentrations before drought. The main 
difference between them is the mixture species: pine, 
beech and hornbeam in DBS124 and horn- beam, lime 
and sycamore (A. pseudoplatanus) in DBS128. Inter-
specific competition during drought stress periods 
between A. pseudoplatanus and the other species 
results in the reduction of maple [6]. Our results may 
indicate the same process. Our results have shown 
that P concentrations decreased in 2015 by 0.56 g/kg  
(19.9-26.1% less than observations from 2014). As in the 
previous case, the highest P concentration was observed 
in the DBS128 division and in this case, the highest 
decrease (-0.55 g/kg) was observed. Unlike nitrogen, 
the highest values in 2014 were observed at a distance 
of <50 m from the cultivated fields in the west part 
of the forest. The highest P concentration increase was 
observed in the divisions DBS98 and DBS132.

The nitrogen to phosphorus ratio (N:P) for the three 
divisions DBS124, DBS134, DBS98 decreased in 2015 
(compared to results from 2014), while for the DBS128 
division, the N:P ratio increased. An increase in the N:P 
ratio due to drought stress was also observed by [17, 
79]. This increase occurs due to the greater reduction in 
amount of phosphorus leaf levels compared to nitrogen. 
In contrast, in the study of Herzog and coauthors from 
2013, was not observed a fall in P concentrations in pine 
forests due to drought stress [80].

Nitrogen and Phosphorus Concentration Decrease: 
Long-Term Drought Case

We observed an increase N and P concentrations in 
all of the divisions increased in 2017; 1.31(±3.53) g/kg

for N and 0.35(±0.54) g/kg for P. Yet this was not 
homogeneous for all forests divisions. According to the 
nutrient concentrations in 2017, the forests divisions were 
grouped into two main class: (1) DBS124 and DBS128, 
characterized by highest N concentrations (>23.5 g/kg), 
lower P concentrations (<1.80 g/kg) and an N:P index 
close to 15.0; (2) DBS98 and DBS134 characterized  
by N concentrations <23.0 g/kg, P concentrations  
>1.85 g/kg and an N:P index below 13.5.

It should be noted that the long-term drought 
stress impact on N concentrations was the lowest in 
the DBS124 division (average of -4.55 g/kg in 2017 
according to basic 2014 value) and the N concentration 
increase between 2015 and 2017 was the highest (average  
of +1.91 g/kg). An interesting case is the DBS128 
division, which was the most sensitive in terms of short-
term drought stress, yet N concentrations between 
2015 and 2017 also increased also significantly in this 
division (average of +1.56 g/kg). We can see that these 
two similar divisions reacted differently to short-term 
drought stress, yet similar observations were made 
for long-term drought stress. We can see in Fig. 3 that 
in 2017, there were many trees with an optimal N 
concentration (over 25 g/kg) on the eastern parts of the 
two divisions, where drainage ditches are present. It is 
not possible to observe the dichotomy in the central 
divisions of the forest, as the area with the drainage ditch 
is in this division (DBS98) is overgrown with pine trees, 
not oaks. Our results may confirm the role of forest 
drainage for nitrogen and water availability [81, 82].

In addition, phosphorus concentration changes are 
not homogenous. We may observe the longterm drought 
stress impact on P concentrations in DBS98, DBS124 
and DBS134 as between an average of -0.16 and  
-0.09 g/kg. A different situation is observed in 
DBS128, as with the short-term drought stress case, P 
concentration negative change is stronger : an average of 
-0.36 g/kg. This value is more in line with the short-term 
drought stress case. As with the nitrogen concentration, 
we may observe a dichotomy in the DBS124 and 
DBS128 divisions, but a particularly large number of 
trees with insufficient P concentrations (an average 
of 5.9% of all trees in the division) was present in the 
DBS128 division along the drainage ditch (Fig. 3).

Effects on the Composition, Structure, Function 
and Role of the Forest Ecosystem

Drought disturbance is an important formation agent 
of change in forest ecosystem structure and function 
mediated by vegetation responses. Drought disturbance 
driver, affecting the existing types of vegetation, as 
well as their successive stages and vertical structure 
[83, 84]. In addition, spatial configuration of landscapes 
is strongly dependent on interference and changes 
between disturbing factors and disturbance regimes 
[83]. Drought contributing to forest mortality has a 
significant impact on the spatial layout of the forest 
landscape. Drought disturbance can have also multiple 
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impacts on soil conditions affecting the availability 
of nutrients and the microbial community, including 
mycorrhizas [85, 86] tree’s resistance to insect diseases 
and pests [87]. Mild drought can reduce cell growth, 
but increases cell differentiation and increase the wall 
thickness, better protecting the plant from insect pests 
and diseases [64, 90]. During a severe drought the 
content of nitrogen compounds and sugars increases 
in the plant tissue, increasing the attractiveness of 
plant tissues for pests [88-90]. Water deficit cause 
also reduction of concentration of antifungal and 
antibacterial components in plant tissue increasing of 
risk infections of by pathogenic fungi [91].

Drought disturbance may have significant effects 
on the composition, structure, function and role of 
the forest ecosystem. The response to drought forest 
stand structure is the result of size species distribution 
and competition between them through shading and 
transpiration [92]. Also Yaussy and coauthors in paper 
from 2012, stressed the importance of competition in 
determining the impact of drought on the structure of 
the forest ecosystem because drought does not directly 
kill trees, its impact on changing competition affects 
the composition and structure of the forest ecosystem 
[93]. According to study of Puettmann and Ammer 
from 2007, drought disturbance can be characterized 
by the four main criteria include magnitude, severity, 
frequency, and seasonality of disturbances [94-96]. 
Presented drought disturbance on Krotoszyn Plateau 
can be characterized as short- in 2015 and long-term 
drought in 2016.

For long-term drought, trees subjected to drought 
stress with low nutritional status are more susceptible 
to diseases and gradations of insect pests leading 
consequently to diebacks [83]. In this study, it was 
shown that forest stands with a predominance of Q. 
robur growing on glial soil during prolonged drought, 
thanks to compensation mechanisms showed greater 
tolerance to water stress, showing N and P content 
in leaves greater by 20 % and by 60% than during 
short term drought. Our results are consistent with the 
observations of  He & Dijkstra for  P concentration, i.e. 
the long-term drought stress impact on P concentrations 
(given as -1% by He & Dijkstra and -9.9 % in our study) 
and for N concentration the values differ from literature 
[17]. We observed 19% reduction of N concentration in 
leaves whereas He & Dijkstra noted 4% or smaller of 
nitrogen reduction [17].

Long-term droughts were best tolerated by tree 
stands in the division DBS134 with Q. robur as a main 
species and with locally occuring C. betulus, L. decidua, 
T. cordata) were characterized by the highest nitrogen 
nutrient status. However, phosphate nutrition due to both 
short and long-term drought was reduced the most in 
the DBS128 area. Division DBS134 was characterized 
by a species composition with a predominance of 
older trees, whereas in the composition of DBS128 
there was younger trees compared to DBS134. Effects 
of stand composition on resistance to drought is not 

clear. Previous results indicate that species growing in 
a mixture are not always less water stressed than those 
growing in monoculture. The effects of species diversity 
on tree drought stress are hard to generalize, because 
different mixtures respond differently depending on the 
region [89, 90]. But previous, Kotlarz et al. (2018) study 
in this region indicatedted that highly diverse forests 
habitats are more suitable to meet the droughts in the 
context of global climatic changes [24].

Division DBS128 was adjacent to the cultivated field 
and the proximity of fertilizing the nearby agricultural 
soil could have an impact on the varied content of 
nutrients in the forest depending on the supply of rainfall 
as well as the wind blowing fertilizers from the fields. 
Scientific report of Dróżdż and coauthors indicate 
of the existence of an oversupply of mineral nitrogen 
in these areas mainly with atmospheric precipitation 
[51]. Excessive nitrogen presence in the soil limits the 
development of mycorrhiza and therefore the supply 
of water and trace elements, which affects changes in 
the share of these elements in reduced tree crowns [91-
93] on the other hand, phosphorus in soil negatively 
influences the development of root phytopathogens, e.g. 
Phytophthora spp. and Armillaria spp. previously found 
in these stands [94, 95].

The varied response of trees of the duration of 
drought, expressed by the level of both elements in the 
leaves, is the result of not only the lack of precipitation 
or high temperatures of air and soil in the stand, but 
also by the dysfunction of root systems of trees and 
mycorrhizal fungi and other elements of the pedosphere. 
They are responsible for supplying water and mineral 
compounds to the roots, thus they shape the overall 
condition of trees and their reactions to changes in the 
environment [96].

Knowledge and monitoring of the nutritional 
status of Central European forest stands during 
the increasingly frequent water deficit and high 
temperatures in the growing season is important not only 
due to the recognition of the physiological possibilities 
of forest species adaptation to changing climatic 
conditions, but also and mainly, due to maintaining the 
proper functioning of the entire ecosystem. The forest 
structure modulated by water availability can change 
over time due to the emergence of new feedbacks 
including weather, competition, symbionts of fungi 
and pathogens, and the effects of drought can be 
unpredictable [97, 98]. Environmental monitoring tools 
can be great supportive tools for forest management 
practices which can partially ameliorate drought 
impacts through reductions in stand density, selection 
of drought-tolerant species and genotypes, artificial 
regeneration, and the development of multistructured 
stands. However, silvicultural treatments also could 
exacerbate drought impacts unless implemented with 
careful attention to site and stand characteristics [97]. 
Nutrition status of tree stands is connected with the 
possibility of proper performance of certain stand 
functions. In the economic, forests it is crucial to 
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preserve productivity also during extreamly weather 
phenomena. The forest divisions examined in this 
study are forest stands of high importance because of 
their protective function 317 [35], therefore knowledge 
about developing tolerance mechanisms for drought 
when assisting plant nutrition in water deficit gives 
the possibility of maintaining the proper protective 
functions of the forest ecosystem. According to above 
arguments, there is a need to develop better methods 
for combining the results of observations from different 
scales, thanks to which it will be possible to determine 
climate interactions on the size species distribution in 
the landscape scale [35, 97-102]. Therefore, research 
with the use of remote sensing application can help in 
understanding the impact of drought disturbance on the 
functioning of the ecosystem and the structure of the 
landscape on a large scale.

Conclusions

(1)	Using laboratory N and P concentrations in leaf 
measurements as a learning set, multispectral aerial 
images of the whole forest stand, including trees for 
which measurements were performed and machine 
learning techniques, it is possible to estimate 
nutrient concentrations for significantly more trees 
regarding to 54 trees described in Training Set and 
observe phenomena for which spatial variability is 
an important factor.

(2)	During drought stress, N concentrations decreased 
by 23% in short-term drought stress and by 19% 
in long-term drought stress. Luvisol negatively 
influenced N concentrations during drought by 
shifting the reduced chemical environment to an 
oxidized state, with the occurrence of inter-species 
competition or  was  affected by the mycorrhizal 
community associated with the fine roots of trees.

(3)	During drought stress, P concentrations decreased 
by 27% in short-term drought stress and by 10% in 
long-term drought stress. Our results were consistent 
with the He & Dijkstra meta – analysis.

(4)	The N:P value increased during short-term drought 
and decreased during long- term drought, in line 
with the results of He & Dijkstra, however with 
more stable N:P values (+ 3% and -7% respectively).
Our results are applicable to oak monocultures, and 
conclusions may not be suitable for more diverse 
forest stands. Recommendation for future research is 
to study the effectiveness of using machine learning 
in estimating the concentration of nitrogen and 
phosphorus in the forest trees in stands with high 
biodiversity.
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