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Abstract: Droughts which have been occurring more and more frequently in the recent years are
usually associated with progressive climate changes. Modern monitoring methods are mainly
associated with agricultural use due to the high market demand for services protecting against
agricultural losses. In natural wetland ecosystems, this problem is neglected probably due to fact that
those ecosystems are rich in water by definition. Nevertheless, wetlands as part of larger hydrological
systems are subject to negative changes, such as droughts, which affect them to a varying degree. The
good condition of wetland depends mainly on adequate hydration. Wetland hydrology determines
the amount of nutrients entering and leaving a wetland, the chemistry of water and soil, the plants
that grow in a wetland and its productivity. Deviation from optimal water supply conditions in a
long-term perspective may lead to negative habitats changes. Therefore, this study is focused on the
determination of Crop Water Stress Index (CWSI) as an indicator of water stress caused by drought
for natural heterogeneous wetland habitats. CWSI calculations were based on remotely sensed land
surface temperature and associated basic meteorological (air temperature and humidity) parameters.
The performance of CWSI in selected wetland habitats (7140 and 7230 codes in Natura 2000
nomenclature) was confirmed by comparing the obtained values with hydrometeorological
conditions (precipitation, temperature, vapour pressure deficit and groundwater level) and two
drought indices (standardised precipitation index and standardised climatic water balance). The
CWSI values show changes in the condition of plants caused by water stress. However, the exact
determination of drought level by CWSI on this type of wetland habitats needs further research and
this research is an initial point of using the LST based method for monitoring natural heterogeneous
ecosystems vulnerable to ongoing climate changes and other threats that cause changes in their
hydrological conditions.
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1. Introduction

Droughts which have been occurring more and more frequently in the recent years are usually
associated with progressive climate changes [1-5] and cause serious damage to the environment as
well as the economy. As these phenomena are becoming increasingly intense covering larger and
larger areas, a lot of attention is paid to them in scientific works, which leads to the development of
new tools and methods designed to identify droughts. A key element in the decision-making process
aimed at avoiding or reducing the effects of droughts is their monitoring [6-8]. Various types of
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drought can be distinguished: meteorological, agricultural and hydrological. They are focused on
different distinguishing factors, albeit they share the trait of observable impact on habitats —
deterioration of the condition of plants.

The development of modern monitoring methods is mainly associated with agricultural use due
to the high market demand for services protecting against agricultural losses. So far, no extensive
research has been carried out in wetland areas particularly susceptible to changes in their water
balance, which is probably due to the fact that wetland habitats are ecosystems rich in water by
definition, while the groundwater level on such sites should remain close to the soil surface
throughout the whole year. However, ongoing climate changes entail plant water stress that has a
negative effect on the productivity and condition of crops and natural habitats; this becomes an
increasing problem of wetlands, whose good condition depends on adequate hydration, while plant
stress associated with drying results directly from the disturbance of groundwater level in the peat
where they are formed. The disturbance of these conditions mainly by lowering of the water level
leads to the peat subsidence due to changes of the physical conditions and mineralisation of organic
matter by enhanced rates of microbial decomposition [9]. These processes have caused the reduction
of peat porosity [10,11], which consequently results in a process of degradation of the habitat
associated with the disappearance of plants species characteristic e.g. for alkaline fens (Natura 2000 -
habitat 7230), such as Valeriana simplicifolia, Epipactis palustris, Eleocharis quinqueflora, as well as mosses
such as Limprichtia cossonii and Campylium stellatum, or, in the case of transition mires and quaking
bogs (Natura 2000 - habitat 7140), the plant species of Scheuchzerietalia palustris order, Caricetalia nigrae
order, Scheuchzerio-Caricetea class - Comarum palustre, Eriophorum angustifolium, etc. These processes
also consequently results in the reduction of the wetlands water capacity and the increase in air
content in soil and its temperature result in increased CO:2 emission to the atmosphere [12,13].
Wetlands in good condition are ecosystems fulfilling an important function in larger hydrological
systems as regulators of water circulation, for which the important water balance elements include
snow retention [14], flood retention [15-17], evapotranspiration [18] and interception [19,20]. Their
disturbance, resulting from the impact of progressive climate changes on the natural environment
[21], has a significant impact on reducing the water retention of the catchment. Furthermore, the
protection of wetlands constitutes the subject of multiple international conventions (e.g. Ramsar
Convention on Wetlands), or directives (e.g. Bird and Habitat Directives, as the foundation of the
European Natura 2000 nature protection system). The development of the best methods for
identifying the risk of drying in wetland areas in the presence of climate change or other hazards
causing changes in hydrological conditions (e.g. drainage) using modern remote sensing techniques
is being expected by stakeholders responsible for maintaining a positive water balance and/or
protection and management of the natural environment of wetlands. Due to the strong relationship
between soil moisture content and the surface temperature, thermal remote sensing exhibits a large
potential for the identification of the habitat water stress [22-24].

There are multiple indices used to identify and assess the intensity of a drought, and their
characteristics and classifications are available in the literature [6,25-29]. For example, in the case of
a meteorological drought [25], several methods are known, such as: Standardised Precipitation Index
- SPI [30-33], Relative Precipitation Index - RPI [6], Effective Drought Index - EDI [34-36], Climatic
Water Balance [6] and Standardised Climatic Water Balance - CWB and SCWB [37].

In order to assess the occurrence and intensity of an agricultural drought [38], the following
indices are used, among others: Soil Moisture Index [39] or Crop Water Stress Index [40], with wide
application possibilities [41], e.g. in determining the needs of irrigation of agricultural and
horticultural crops [42,43]. The wide range of the CWSI application in addition to agricultural crops,
includes its use to assess the water status of trees: fruit orchards [44,45], olive [46], and almond trees
[47].

The main purpose of this study is the application of high-resolution thermal images from the
UAYV (Unmanned Aerial Vehicle) platform to determine CWSI (Crop Water Stress Index) on Natura
2000 habitats with codes 7140 (transition mires and quaking bogs) and 7230 (alkaline fens) in Poland.
The CWSI was originally developed in the area of agricultural crops [48]; therefore, to check the
possibility of using CWSI as a drought indicator for natural ecosystems in the temperate climate zone,
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the CWSI values were compared with hydrometeorological parameters (precipitation, temperature,
vapour pressure deficit and groundwater level) and two drought indices (Standardised Precipitation
Index, Standardised Climatic Water Balance) widely used in Poland. The presented results show the
overall possibility of using CWSI for wetland habitats, and it is noteworthy that no previous studies
were conducted on this subject matter.

2. Materials and Methods

2.1. Study sites

The research was conducted on two semi natural habitats of Natura 2000 (Figure 1). The research
of habitat 7230 (alkaline fens) was carried out in the Biebrza National Park area located in north-
eastern Poland during vegetation season of 2016 . The research of habitat 7140 (transition mires and
quaking bogs) was carried out in the Jandw Forest Landscape Park area in south-eastern Poland
during the vegetation season of 2017.
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Figure 1. Study site location: A) location of study areas in Poland, B) UAV flight areas for habitat 7230
in the Biebrza National Park, C) UAV flight area for habitat 7140 in the Janéw Forest Landscape Park

2.1.1. Biebrza National Park (Habitat 7230)

Research for habitat 7230 was carried out in the Upper Biebrza Valley in the area of Biebrza
National Park (Figure 1B). The Upper Biebrza Valley is a north-eastern part of the Biebrza Proglacial
Stream Valley which together with sandurs adjoining from the north currently constitutes the largest
lowering of north-eastern Poland with a length of approx. 150 km and an area exceeding 2600 km?.
The Proglacial Stream Valley constitutes the largest complex of natural peatlands in Central Europe.
In relation to the adjacent areas, it has different thermal and humidity characteristics of the air. This
is due to the overlap of climate features associated with the vast areas of peatlands and the main
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features of north-eastern Poland's climate, with an average annual temperature of 6 -7 °C (1971-2000)
[49]. The average annual precipitation from the multiannual term of 1971-2000 is 550-600 mm in this
area [49], while the duration of the snow cover lasts from 90 to 110 days. The research was carried
out in the area near the Szuszalewo village characterised by extensively exploited alkaline peatlands,
currently one of the most endangered natural habitats in Europe [50]. In the case of the alkaline
peatlands, the groundwater level usually remains at or slightly above the ground surface in optimal
conditions. The habitat is characterised by low fertility and high content of calcium ions. The
dominant types of vegetation are moss-sedge communities (Scheuchzerio-Caricetea nigrae community)
characterised by a large floral richness with a large share of rare and protected species, such as Liparis
loeselli, or plant species from Menyantho trifoliatae-Sphhagnetum teretis, Caricion davallianae, Caricetum
rostratae, and Caricetum paniceo-lepidocarpae communities. A very important group of plants within
habitat 7230 are mosses, part of which are glacial relics. Changes in water relations, as well as
succession towards forest and shrub communities, pose the greatest threat to the habitat.

2.1.2. Janow Forest Landscape Park (7140)

Research for habitat 7140 was carried out in the Janéw Forest Landscape Park, which, together
with the neighbouring Solska Wilderness, is one of the largest forest complexes in Poland (Figure
1C). According to the physiographic division of Poland [51], this area is located in the mesoregion of
the Bitgoraj Plain called Puszczanska, which is a part of the Sandomierz Basin. The studied area lies
in the Lublin district [52], relatively warm, with an average annual air temperature of 7-8 °C (1971-
2000) [49]. The average annual precipitation amounts to 550-600 mm (1971-2000) [49], while the time
of snow cover deposition amounts to 80-90 days. The area of the Janéw Forest Landscape Park mainly
consists of forest habitats, where the largest area is occupied by mixed wet coniferous forest and fresh
coniferous forest. Aquatic-peat and aquatic communities are characterised with the greatest floristic
richness. Habitat 7140 (transition mires and quaking bogs), within which the research was carried
out, constitutes approximately 400 ha of the area of the Janow Forest Landscape Park. They are
mainly peat-filled no-runoff land lowerings with a groundwater level arranged in optimal conditions
at or slightly above the ground surface. Vegetation primarily consists of a moss and herbaceous layer,
where the moss layer is composed mainly of Sphagnum moss and Bryopsida. Usually, one or two
species of plants predominate in the habitat. In the Janéw Forest Landscape Park, there are species of
plants from Eriophoro angustifolli-Sphagnetum recurvii, Caricetum rostratae, Caricetum lasiocarpae,
Eriophorum  vaginatum-Sphagnum fallax or Rhynchosporetum albae communities. Changes in
hydrological conditions, as well as trees and shrubs encroachment into open wetland areas in the
conditions of lowering the groundwater level, pose the greatest threat to habitat 7140.

2.2. UAV aquisition and processing

Land surface temperature (LST) was recorded using a thermal camera installed on the UAV
platform in 3 field campaigns in Biebrza National Park and 5 campaigns in Janow Forest Landscape
Park (Table 1). The UAV platform was based and constructed on the DJI S1000+ frame (D]I, China)
equipped with PIXHAWK autopilot (3D Robotics, USA) having a built-in IMU (Inertial Measurement
Unit) system. GNSS navigation data was collected using Tersus-GNSS Precis BX306 GNSS device
(Tersus GNSS China, China) enabling dual-frequency signal recording in both GPS and GLONASS
systems. The Land Surface Temperature data logger was Optris P1640 radiometric camera (Optris
GmbH, Germany) mounted on a 2-axis stabilising system. Additionally, in order to increase image
interpretation possibilities manually select GCP (Ground Control Points) and an RGB images were
recorded using UAV DJI Phantom 3 Professional platform (D], China).

Table 1. Acquisition dates and times, numbers of transect and flights per transect for both research

areas.

Number of Flights per
transect transect
24.07.2016 2 3 11:00-3:30

Area Date Time of flights
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Biebrza National 07.09.2016 2 12:00-2:00

Park (7230) 18.09.2016 2 11:00-2:00

14.07.2017 3 11:30-2:00

Janow Forest 01.08.2017 3 11:40-3:00
Landscape Park 19.07.2017 1 1 12:30

(7140) 30.08.2017 3 11:50-2:00

09.09.2017 3 11:00-12:30

Flights over research transects were carried out autonomously along the planned routes, which
ensured the repeatability of the area range that was acquired during subsequent flights. The set flight
parameters allowed to obtain terrain resolution not worse than 10 cm/px. Air operations were carried
out in possibly stable weather conditions. In addition, each time before starting the registration
process, the camera was started for at least two minutes to stabilise the internal temperature of the
device remaining under voltage. During recording, the device compensated the temperature changes
of the sensor in intervals between 30 and 120 seconds through self-calibration.

Raw thermal data (saved as a video file) was converted into a radiometric form using Optris Pi
Connect software (Optris GmbH, Germany). Subsequently, the individual frames of each recording
were extracted. The process was carried out manually to ensure the quality of the obtained data
(elimination of blurred images and saved at the time of self-calibration).

The coordinates of the projection centres of individual radiometric images were determined
based on the GNSS on-board system recorded data. Then, the data set (the image-GPS position pair)
was processed in Photoscan software (Agisoft LLC, Russia). The photogrammetric process consisted
of generating a sparse point cloud, controlling the initially obtained model, creating a dense cloud of
points, creating a DSM (digital surface model) and finally constructing an orthophotomosaic and
exporting it to the TIFF format.

In addition, an orthophotomosaic in the visible band (RGB) was prepared for each of the research
transects. The flight parameters were selected to obtain source data with a terrain resolution of 4.3
cm/px. In addition, a network of photogrammetric ground control points (N-GCP) was established
in the study area. The coordinates of its individual points were measured using the GNSS RTK
technique using GNSS receiver Topcon GRS-1 (Topcon, Japan) in real-time corrections with the TPI
NetPRO network [53].

These points were used in the photogrammetric process to increase the internal coherence and
external accuracy of the resulting orthophotomosaic. The obtained error of fitting on the matrix points
did not exceed 3 px (regarding the resolution of the orthophotomosaic at the level of 5 cm/px).

The LST orthophotomosaic was subjected to final geometric rectification in the QGIS software
based on characteristic points identifiable on the RGB orthophotomosaic. At least 20 points evenly
distributed over the image were used per study area.

2.3. Meteorological data measuremnts

Meteorological data in the form of air temperature and relative humidity were measured using
HOBO U23 Pro v2 Temperature/Relative Humidity Data Logger sensor (Onset®, USA). The
temperature and relative humidity sensor was mounted at a height of 2 m, before the first UAV flight
(between 9 and 10 a.m.) and removed after their completion (between 3 and 4 p.m.); the values were
measured with a 10 minute time step. In addition, the temperature of the vegetation for Non-Water
Stress baseline - NWSB determination was measured over an optimally moistened surface every 30
minutes using a non-contact infrared handheld OMEGA Osl151-usb thermometer (OMEGA
Engineering, INC).

2.4. CWSI calculations and hydrometeorological background
The CWSI was calculated according to the following equation [48,54]:

CWSI = (dTm — dTrr) / (dTur — DTw), 1)


http://dx.doi.org/10.20944/preprints201810.0389.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2018 d0i:10.20944/preprints201810.0389.v2

where dT - temperature difference between canopy (Tc) and air (Ta) and the subscripts m, LL
and UL respectively refer to: the measured difference, lower (non-water-stressed) and upper limit of
dT. Upper and lower limits of dT can be estimated based on the empirical [54] or the theoretical
approach [48]. In this study, an empirical approach was used. It is based on the assumption that dTic
is linearly related with Vapour Pressure Deficit (VPD) for non-water-stressed plants under specific
climatic conditions - this relation is further referred to as Non-Water-Stressed Baseline (NWSB).
Similarly, there is a linear relation between dTu. and the Vapour Pressure Gradient (VPG) for the
same plants when its transpiration is halted due to severe water stress. Upper and lower limits were
calculated according to the following equations:

dTie=m-VPD +b, @)

dTu = m-VPG +b, 3)

where “m” and “b” respectively refer to: slope and intercept of NWSB. VPG was estimated as
the difference between the saturation vapour pressure at a given air temperature and the saturation
vapour pressure at the air temperature elevated by factor “b”.

The NWSB was developed for both investigated habitats based on field measurements of LST
and meteorological parameters after significant precipitation according to the methodology
described by [55].

Finally CWSI was calculated based on UAV LST data for whole transect. If more than one flight
was carried out over the transect in a given period, the corresponding values of each map were
averaged on the basis of all flights carried out over a given transect.

Based on the studies of the Institute of Meteorology and Water Management - National Research
Institute - IMGW [56], the meteorological background of the study areas was analysed using
temperature, relative humidyty and precipitation data from the nearest meteorological stations from
year 1986-2017. Additionally, in both study areas, the level of groundwater was measured using
Levelogger Model 3001 LT F15/M5 (Solnist Ltd. Canada). In the Janéw Forest Landscape Park and in
the Biebrza National Park, one piezometer was installed per study area. Data from piezometers was
used as hydrological background for CWSI determination.

2.5. Drought indices

Two drought indices were calculated, based on meteorological data obtained from IMGW. The
SPI and SCWB were selected as most valuable considering data access based on a review of popular
meteorological drought indices.

The SPI was calculated according to the original methodology proposed by [30]. The SPI was
calculated as the difference of precipitation from the mean for a specified time period divided by the
standard deviation calculated from past records. For the calculation of SPI precipitation, data from
30 years back was used. The calculations were done for an averaging period equal to 3 months using
a dedicated package in the R environment [57].

The SCWB is a standardised deviation of climatic water balance values in a given period by the
mean long-term value of this period [58]. Climatic water balance is calculated as the difference
between total precipitation and the reference evapotranspiration. For SCWB calculation, the reference
evapotranspiration was calculated according to [59]. Decadal values of SCWB for a 30-year data series
were calculated.

Classification of the SPI and SCWB values and meteorological drought category are presented
in Table 2.

Table 2. Classification of meteorological drought according to SPT and SCWB values

Meteorological drought SPI values [30] SCWB value [6]
category
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mild drought 0 to -0.99 0.50 to -0.99
moderate drought -1.00 to -1.49
severe drought -1.50 to -1.99
extreme drought <-2.00

3. Results and discussion

In the first part of this chapter, the method of NWSB derivation used for CWSI calculation was
presented and discussed. Then, CWSI spatial distribution within habitats borders was presented in
the form of maps. To conclude the chapter, CWSI values were shown against different meteorological
parameters as well as indices with a discussion of CWSI's performance as water stress indicator of
wetland habitats.

3.1. Derivation of NWSB

The NWSBs for the examined habitats were obtained using an empirical approach [54] during
days with optimal conditions for its derivation described by [60]. A linear function was fitted using
the least squares method for habitat 7140 (equation 4) and a high coefficient of determination equal
to 0.8 was achieved for VPD with values ranging from 0.5 to 2.0 kPa. Also, a linear function was fitted
using the least squares method for habitat 7230 (equation 5) - coefficient of determination was lower,
but still acceptable, equal to 0.65 for VPD, and ranged from 1.5 to 2.0 kPa. Using these NWSBs for
VPDs outside of the mentioned ranges needs further work, especially for habitat 7230.
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Figure 2. NWSB for habitat 7140 (left plot) and for habitat 7230 (right plot).

The NWSB for both of the examined habitats are shown in Figure 2. Equation 4 is NWSB for
habitat 7140 based on measurements made in July after significant precipitation. Equation 5 is NWSB
for habitat 7230 based on measurements made in July after significant precipitation.

dT =-7.14-VPD + 16.30, R2=0.80, 4)

dT =-11.63-VPD + 21.32, R2=0.65 (5)

In previous studies performed by other researchers, CWSI was calculated mainly for crops
[42,48,54,55,61,62] also for: fruit orchards [44,63—65], olive trees [46] or almond trees [47]. The majority
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of these studies were conducted in arid or semi-arid climate. No studies of CWSI in wetlands were
found in literature, especially in temperate climate. Therefore, comparing the obtained parameters of
NWSB with existing ones is infeasible.

3.2. CWSI maps

The map of the spatial distribution of CWSI values calculated in transects was presented in
Figures 3 and 4, and on the boxplot prepared on the basis of 100000 randomly selected pixels from
each map shown in subsequent sections. The significance of median differences in CWSI values
between particular field campaigns in both areas was checked using the Kruskal-Wallis test in the R
environment [66]. For both areas, differences in CWSI are significant at the level of p < 0.05.

The calculation results for the area of Janéw Forest Landscape Park (Figure 3, Table 3) show low
values (median equal to 0.02) of CWSI during the first measurement campaign (14.07.2017). Then, the
CWESI values reach their maximum (median equal to 0.16) during the second measurement campaign
(1.08.2017). Further, the values of the CWSI gradually decrease, reaching the minimum (median equal
-0.04) during the last measurement campaign (09.09.2017). Lack of CWSI research in wetland habitats
impede interpretation of obtained values. However, CWSI values lower than 0 were assumed to
indicate non-water stress (optimal) condition. With this assumption on the days of 14.07, 30.08 and
09.09 studied habitats were in good (wet) condition. On 01.08 and 19.08 CWSI indicated that area
suffered moderate water stress.

The spatial distribution of CWSI values in the first four campaigns showed lower values of CWSI
in the southern part of the flight area, and in the fifth, nearly all of the area was characterised by CWSI
values below 0 and the southern part did not stand out. In this part, few small ponds are located and
the field assessment confirmed the better condition of plants in this region. Apart from the temporal
pattern of water stress, CWSI also showed spatial variability in heterogeneous habitats and indicated
parts of natural habitats that were less vulnerable to water stress caused by droughts.

Table 3. Statistics (minimum, median, maximum) of CWSI values for Janéw Forest Landscape Park

date CWHSI (-)
minimum median maximum
14.07.2017 -0.29 0.02 0.26
01.08.2017 -0.06 0.16 0.33
19.08.2017 -0.19 0.13 0.44
30.08.2017 -0.23 0.03 0.33

09.09.2017 -0.27 -0.04 0.17
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Figure 3. CWSI and habitat 7140 borders in the Janéw Forest Landscape Park for 5 UAV campaigns:
A) 14 July, B) 1 August, C) 19 August, D) 30 August, E) 9 September
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The CWSI calculation results for the Biebrza National Park (Figure 4, Table 4) showed the lowest
values (median equal to -0.01) during the first measurement campaign (24.07.2016). In the next
campaign on 07.09.2016, the median value remained equal to -0.01, but the maximum value was
higher than in the first campaign. Further, the CWSI achieved the highest values (median equal to
0.03) in the research period. For this habitat the same threshold CWSI values were assumed, due to
same reason. With this assumption, on 24.07 and 07.09, the measured area was in good, non-water
stress condition. On 15.09, CWSI indicated that the area suffers from water stress.

The spatial distribution of CWSI values in the second and third campaign showed higher values
of CWSI in the northern part of the two studied transects and the western part of the west transect.
This part of the habitat was mowed just before the second field campaign. Hence, higher values of
CWESI were observed. In the second campaign, the differences are less significant than during the
third because the habitat was freshly mowed and just after high precipitation (Figure 6) its still
evapotranspirates. The results showed a visible spatial pattern of the plant condition through spatial
differences of CWSI values.

Table 4. Statistics (minimum, median, maximum) of CWSI values for Biebrza National Park

date CW I (-)
minimum median maximum
24.07.2016 -0.09 -0.01 0.06
07.09.2016 -0.09 -0.01 0.09

15.09.2016 -0.04 0.03 0.14
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Figure 4. CWSI and habitat 7230 borders in the Biebrza National Park for 3 UAV campaigns in 2016:
A) 24 July, B) 7 September, C) 15 September

3.3. CWSI and hydrometeorological parameters

The CWSI distribution (in form of boxplots) was presented against hydrometeorological
parameters (precipitation, temperature, vapour pressure deficit and groundwater level) in Figure 5
for the Janéw Forest Landscape Park, and in Figure 6 for the Biebrza National Park.

Assuming a CWSI value equal to 0 as a threshold value for a non-water-stress condition for
examined habitats, in the Janéw Forest Landscape Park, at the first and fourth field campaigns, a
relatively moderate water-stress was indicated by CWSI (Figure 5). At the second and third field
campaigns, the CWSI values indicated water-stress. At the fifth campaign, a major part of the studied
area was in non-water stress condition. The habitat condition described by CWSI values is consistent
with the observed hydrometeorological conditions. The first field campaign was conducted few days
after a longer rainy period (one week with a daily precipitation sum between 1 to 5 mm), the
groundwater level was relatively deep at 42 cm; this condition corresponds to the observed moderate
water-stress. The second field campaign took place 2 weeks after precipitation on a day with
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relatively high temperature and vapour pressure deficit. Such conditions caused the highest water-
stress in this area. The third campaign took place on a day with the lowest groundwater level, but
other meteorological parameters (temperature and vapour pressure deficit were lower than in the
previous campaign; also, a few days without precipitation preceded this campaign) caused lower
mean CWSI values. After the third field campaign, a rainy period started, which caused an increase
in the groundwater level. With the decrease in temperature and vapour pressure deficit, these
conditions caused a decrease in CWSI values. These results show that CWSI values correspond to
hydrometeorological conditions. When the groundwater level, temperature and water pressure
deficit indicated drier conditions, CWSI values also increased. Furthermore, the results show that
CWSI is not affected by phenological changes. At the last field campaign in September (which is the
end of the vegetation season), the lowest values of CWSI were observed after a significant rainfall
period (5 days with high precipitation sum).
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Figure 5. Precipitation (top panel black bars), temperature (top panel red line), vapour pressure deficit
(top panel green line), groundwater level (top panel blue line) and CWSI distribution (bottom panel
red boxplot which shows the median, the lower and upper hinges corresponds to the first and third
quartiles, the upper and the lower whisker is 1.5 interquartile range) for Janéw Forest Landscape Park,
vertical black lines indicates UAV flights campaigns (Table 1).

In the Biebrza National Park (Figure 6) in the first field campaign majority of CWSI values were
below 0 indicating non water-stress condition. In the next campaign, the mean CWSI value was
higher but still, a major part of the research area was characterised by values below 0. In the last field
campaign, a significant increase of CWSI values was observed and a major part of the research area
was characterised by CWSI values indicating water stress. The habitat condition described by CWSI
values is consistent with the observed hydrometeorological conditions. The first field campaign was
conducted a week after the rainy period when groundwater level stabilised at around 15 cm below
ground surface. After the first campaign, a rainy period started (lasting one month), in which the
groundwater level was stabilised at around 10 cm below the ground surface. Later (after the 20t of
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August), a decrease in the groundwater level was observed, caused by precipitation-free conditions.
At the beginning of September, two days with high precipitation sum occurred and caused an
increase in the groundwater level. After that, a previous decreasing trend in the groundwater level
was observed. Two days after the mentioned high precipitation, the second campaign took place. The
observed CWSI values indicated non-water stress conditions in a major part of the research area. A
week later in the third campaign, CWSI values indicated water stress in a major part of the research
area. These results shows that CWSI values corresponds to hydrometeorological conditions.
Furthermore, the results show that CWSI is not affected by phenological changes. At the second field
campaign in September (which is the end of the vegetation season), low values of CWSI were
observed after significant rainfall (days with 8 and 22 mm of precipitation respectively).
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Figure 6. Precipitation (top panel black bars), temperature (top panel red line), vapour pressure deficit
(top panel green line), groundwater level (top panel blue line) and CWSI distribution (bottom panel
red boxplot which shows the median, the lower and upper hinges correspond to the first and third
quartiles, , the upper and the lower whisker is 1.5 interquartile range) for Biebrza National Park,
vertical black lines indicate UAV flight campaigns (Table 1).

3.4. CWSI against drought indicies

The CWSI distribution (in form of boxplots) was presented against SPI and SCWB in Figure 7
for both study sites.

Changes in CWSI values in the Janéw Forest Landscape Park (Figure 7A) correspond with
changes in SPI and SCWB. The highest values of CWSI (second field campaign) occurred when both
drought indices showed mild drought. The third field campaign took place after a period of mild
drought shown by SPI. But, in the day of the field campaign, after UAV flights, nearly 20 mm of rain
fell (Figure 5), which resulted in an increase of SPI on this day and SCWB in this decade; however,
CWEGI still correctly indicated the water stress. In the fourth field campaign, CWSI values are mainly
above 0, the SPI indicated no drought during this field campaign, and the SCWB was on the edge
between mild and no drought. In the last field campaign, CWSI values were below 0 and both
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drought indices showed no drought. These results show the overall agreement of CWSI and selected
drought indices” courses. The results for the third field campaign showed that different approaches
that are used in the calculation of indices cause interpretation issues. CWSI is calculated based on
LST in point of time (in this case before rainfall), while SPI and SCWB are based on meteorological
data from a given day or decade as well as conditions in the period before. These results showed that
for 7140 habitat, the CWSI value c.a. 0 is a threshold of water stress and no water-stress condition.
However, more studies on this habitat need to be done to specify the exact threshold values for
different phases of droughts.

Changes in CWSI values in the Biebrza National Park (Figure 7B) correspond with changes in
SCWB directly. The first and second field campaigns took place when values of SCWB indicated no
droughts and CWSI values in this campaigns were mainly below 0. In the third field campaign, SCWB
indicated mild drought and CWSI value increased to values above 0. Besides the first field campaign,
SPI values confirmed the conditions described by CWSI. In the second field camping, SPI values were
on the edge between drought and non-drought conditions, and CWSI values were mainly below 0.
In the third field campaign, SPI values showed mild drought and CWSI values increased and
indicated water-stress. SPI values during the first field campaign indicated mild drought, while CWSI
values were below 0. This might be caused by the fact that habitat 7230 retained groundwater during
spring, and with non-optimal meteorological conditions, plants were able to develop properly
without indicating water-stress. These results showed that for this habitat, the CWSI value c.a. 0 is a
threshold of water stress and no water-stress conditions. However, more studies on this habitat need
to be done to specify the exact threshold values for different phases of droughts.
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Figure 7. Drought indices: SPI (blue line) and SCWB (green line) and CWSI distribution (red boxplots
which show the median, the lower and upper hinges correspond to the first and third quartiles, the
upper and the lower whisker is 1.5 interquartile range) for the Janéw Forest Landscape Park (top
panel) and for the Biebrza National Park (bottom panel), vertical black lines indicates UAV flights
campaigns (Table 1).
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4. Conclusions

This study allowed to develop NWSB for two wetland habitats: 7140 (transition mires and
quaking bogs) and 7230 (alkaline fens) in Natura 2000 nomenclature). The NWSB for habitat 7140
was developed in varied conditions (VPD ranged from 0.5 to 2.0 kPa). The NWSB for habitat 7230
was developed in more stable conditions (VPD ranged from 1.5 to 2.0 kPa). Hence, further research
should be conducted in these habitats in order to confirm these results and the described CWSI on
wetland more properly.

The CWSI calculations carried out on two wetland habitats (Natura 2000 code 7140 and 7230)
together with the analysis of hydrometeorological conditions and two drought indices showed the
possibility of using CWSI in wetland habitats as an indicator of water stress caused by drought. For
both research areas, a temporal pattern of CWSI can be explained by changes in the
hydrometeorological conditions. Also, the spatial distribution of CWSI on research areas properly
indicated field conditions. In the southern part of the research area in Janéw Forest Landscape Park,
the CWSI values were low in all performed campaigns due to the local conditions (depression with
limited water outflow). In the Biebrza National Park, the mowed part of the research area was
characterised by high values of CWSIL This part was not exposed to water stress, but the main
assumptions of CWSI method (difference in temperature of transpiring and non-transpiring plants)
work the same.

Areas with a high proportion of Sphagnum mosses, which are the first to dry in unfavourable
hydrometeorological conditions due to their way of growth leading to the formation of elevated
clumps, are difficult to interpret. CWSI values in such conditions indicate that the habitat is drying
within these clumps despite the fact that the measured values of soil moisture still remain high. In
such situations, even a brief change in hydrometeorological conditions (e.g. intensive rainfall, high
humidity, presence of dew) causes the clumps to saturate with water and Sphagnum mosses to quickly
return to good condition. Only long-lasting and persisting unfavourable conditions can change this
state both in the Sphagnum moss clumps and the entire habitat.

So far, most of the research on the application of CWSI (beyond that paper) was conducted in
the areas of intensive agricultural use, in crop monocultures. The habitats analysed in this paper are
heterogeneous with different plant communities in which the interpretation of the CWSI value often
gave rise to some difficulties requiring insight into the species composition of individual research
sites (e.g. high proportion of Sphagnum mosses and their sensitivity to changing hydrometeorological
conditions against the soil moisture measurements). A detailed description of the drought process in
wetlands with the use of CWSI, which is out of the scope of the paper, needs further research. It
should focus on its relation with biophysical properties and functional plant treats in more diverse
meteorological conditions. Due to uncertainty in natural conditions, field observation requires the
preparation of a multi-sensor equipped site, or a laboratory experiment should be considered.
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