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Abstract:

Associations of pedunculate oak (Quercus robur L.) radial growth with satellite-based soil
moisture (SM) during the intensive tree growth period over a 30-year time span (1980-2010)
were analyzed. This study included tree-ring width (TRW) chronologies from 22 stands located
in four southeastern (SE) European countries (Slovenia, Croatia, Serbia and Bulgaria), which
were grouped into three wetness groups (WGs): dry (<650 mm), moderate (650-750 mm), and
wet (>750 mm), following the annual sum of precipitation. High correlation strengths during
the intensive growth period—Iate spring and early summer months (April to June) was noted,
which was opposite to the trend in late summer months. Variations in detrended TRW (TRWi)
sensitivity to SM were also observed among the WGs. Specifically, the TRWi chronologies
from the dry and wet WGs provided a greater number of significant correlations (p<0.01) than
trees from the moderate WG did. In wetter stands, TRWi correlated more negatively in the
wettest (spring) months, while the correlation was weaker in summer months; these trends
were opposite to those of trees growing in drier conditions, that had the strongest responses
to SM. A generalized additive mixed model (GAMM) based on 38 variables indicated that the
fit for SM and radial growth was as strong as the fits for other traditionally measured
parameters (temperature, precipitation, and river water level) and calculated drought indices
(standardized precipitation index and the Ellenberg index) and TRW. Additionally, radial
growth chronologies from drier sites had stronger fits with surrounding environmental factors.
In conclusion, our findings suggest that SM can potentially be used as a reliable remote
sensing indicator of the soil wetness in oak forests, which affects tree productivity and radial
growth patterns and provides a new opportunity in dendrochronology research on larger

scales.

Keywords: Soil moisture; Radial growth; Remote sensing; Dendrochronology; Oak.
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1. Introduction

Forest ecosystems in southeastern (SE) Europe will be exposed to a warmer and likely
drier climate in the near future, following the 4.5 and more severe representative concentration
pathway (RCP) scenarios (IPCC, 2019). In 21 century, extreme drought events have
increased in Europe (Spinoni et al., 2018). These new stand conditions will adversely affect
forests, compromising both wood quality and radial growth (Boisvenue and Running, 2006;
Paquette et al., 2018). According to the RCP scenarios, the most severe impacts are expected
on climate-sensitive species such as pedunculate oak (Quercus robur L.), resulting in
significantly reduced radial growth until 2100 (Bauwe et al., 2018). This prediction is of great
importance because pedunculate oak is the most important economic species in lowland
forests in SE Europe; furthermore, it is one of the most endangered tree species in temperate

forest ecosystems (EUFORGEN, 2009; Hanewinkel et al., 2012).

Pedunculate oak sensitivity to water loss is complex issue. Oak forests from the
analyzed SE European region showed that they are highly sensitive to temperature and
precipitation variations (Skiadaresis et al., 2019; Kosti¢ et al., 2019) as well as drought events
(Arvai et al., 2018; Losseau et al., 2020). Intensive oak declines were observed in 2011-12
(Stojanovic¢ et al., 2015a; Losseau et al. 2020) and especially after drought event occurred
2018-19 (Scharnweber et al., 2020), which was based on oxygen (5'80) and carbon (5**C)
stable isotopes past climate reconstruction is labeled as one of the two driest years in last two
millennia (Blntgen et al., 2021). Hence, their chronologies are recognized as one of the most
suitable proxy records of past hydroclimatic conditions (Buintgen et al., 2011, 2021; Nechita et
al., 2012). In dendroecological studies focusing on pedunculate oak, water availability has
been recognized as one of the most important climate-related factors contributing to radial
increment reduction. For example, Stojanovi¢ et al. (2015a) reported a significant radial
increment reduction in a lowland forest from northern Serbia during periods of very low water
levels in the Danube River, while Kosti¢ et al. (2021) revealed that above- and under-ground

water sources equally affect oak radial growth. Likewise, significant relationships between
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annual precipitation and tree-ring width (TRW), as well as calculated meteorological drought
indices, such as the standardized precipitation index (SPI), standardized precipitation
evapotranspiration index (SPEI), Palmer drought severity index (PDSI), and many others were
confirmed (e.g., Stojanovi¢ et al., 2018; Heklau et al., 2019; Losseau et al., 2020; Kosti¢ et al.,

2021).

Remote sensing satellites have provided a growing number of new data sets describing
vegetation cover and other Earth surface features (Wang et al., 2004). This has resulted in an
increased use of remotely sensed data in dendrochronology (Southworth et al., 2013; Reiche
et al., 2016; White et al., 2016). Up to now, only few remotely sensed indices were used in
dendrochronology. The normalized difference vegetation index (NDVI) is one of the mostly
used indices, while indices such as new primary production (NPP) and soil moisture (SM)
have just recently been introduced. In particular, NDVI datasets are widely used, as the NDVI
allows the estimation of forest cover degradation based on canopy color changes (Carlson
and Ripley, 1997). Recent studies indicate that the NDVI is highly correlated with radial
increments in different environments (Srur et al., 2011; Brehaut and Danby, 2018; Correa-
Diaz etal., 2019; Mufioz et al., 2014; Martinez-Fernandez et al., 2019). Likewise, NPP showed
a significant but lower correlation with radial growth in dry conditions than NDVI (Southworth
et al., 2020). The remotely sensed index used in this study was soil moisture (SM), which was
derived from microwave remote sensing measurements (see Wagner et al. 2007 for more
information). Serving as a potential proxy for water availability in forest ecosystems (Kim et
al., 2020), microwave-based SM data significantly differ from NDVI data in terms of their
prognostic value; such data depict changes in trees via tree crown reflectance. Hence, SM
should be a valuable and uniform water proxy for the whole Earth system from 1978 to date,

with wide implications in water-plant related studies.

1.1. Aim
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Although the radial increment is one of the most important indicators of forest
productivity, its relationship with water availability in forest ecosystems remained insufficiently
studied. Fortunately, SM can currently be measured from different sources, either in situ
sensors, satellite-based measurements (Babaeian et al., 2019) or modeled values (Cianfrani
et al.,, 2019). Even though the relations between the different data sources are not fully
understood, it is clear that all sources are particularly useful for tracking changes in SM over

time (Brocca et al., 2017)

The main objective of this research was to examine pedunculate oak radial increment
sensitivity to satellite-based SM from different wetness conditions across their populations
distributed throughout SE Europe. Differences between tree sensitivity to SM across stands
characterized by water availability, deficit and/or surplus provide new insights into the potential
of using SM as an ecological indicator of soil water content and its impact on oak forest
productivity (interpreted as the radial increment). In line with the main objective of this study,

we defined the following research hypotheses:

(1) Wetness conditions significantly affect the radial growth dynamics.
(2) Radial growth is strongly correlated with satellite-based SM.

(3) The radial growth response to SM varies according to stand wetness conditions.

2. Material and methods

2.1. Analyzed region and stand characteristics

The present study was conducted on 22 stands across four SE European countries. The
sample consisted of 341 individual TRW series. Specifically, we had three locations in
Slovenia (SLO; 67 TRW series; SLO_1, 2 and 3), two in Croatia (CRO; 35 TRW series; CRO_1
and 2), 14 in Serbia (SRB; 171 TRW series, SRB_1 to 13) and four in Bulgaria (BGR; 65 TRW

series; BGR_1 to 4), as shown in Table 1 and Fig. 1.
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In the analyzed region, pedunculate oak grows in different site conditions. To represent
this diversity, this study utilized tree ring data from representative ecologically different stands.
The dataset used included flood lowland oak forests at less than 100 m a.s.l. from the Danube
and Sava River basins, as well as oak forests from elevations up to 400 m a.s.l. The highest
and lowest elevations were recorded for Sorsko polje (SLO_1, 388 m a.s.l.) and Stara vratiCna
(SRB_12 and SRB 13, 78 m a.s.l.), respectively. Similarly, the longitude ranged from
14.422989° (Sordko polje, SLO_1) to 26.571423° (Gorna topchiya, BGR_4), whereas the
latitude ranged from 46.490978° (Murka Suma, SLO_3) to 42.178805° (Dolna topchiya,

BGR_3).

The meteorological data were extracted from the E-OBS gridded database (version
23.1e from March 2021; Copernicus: European Union's Earth observation programme). In the
analyses, we used annual mean temperatures (in °C, TEMP) and annual sums of precipitation
(in mm, PCPT). Based on gridded data, differences in TEMP and PCPT were noted among
the analyzed stands. The TEMP ranged from 12.45°C (Dolna topchiya, BGR_3) to 14.47°C
(Tulovska koriya, BGR_1), while the PCPT ranged from 58.68 mm (Gorna topchiya, BGR_4)
to 82.46 mm (Smogava, SRB 10 and SRB_11). Based on the PCPT values, TRW
chronologies were classified into three wetness groups — WGs (dry: <650 mm; moderate: 650-

750 mm; and wet: >750 mm PCPT).

2.2. Tree-ring width collections and satellite-based SM observations

All remotely sensed data were extracted from the ESA Climate Change Initiative (CCI)

SM dataset (http://www.esa-soilmoisture-cci.org/) version 0.4.4; see Gruber et al. (2019) for

details. The ESA CCI SM data are derived by fusing individual satellite SM data sets from a
series of passive and active microwave missions, as laid out by Wagner et al. (2013). The
data are expressed in volumetric units [m® m~3] and come as daily files sampled to a 0.25°

(~27-28 km) worldwide grid. In this study, data from 1979 to 2010 were used. This microwave-
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based SM dataset essentially reflects changes in the dielectric properties of the soil caused

by different SM levels (Dorigo et al., 2017).

For this study, we collected published and unpublished TRW chronologies from SE
Europe (see Table 1.). The sample included only visually healthy, mature, dominant trees from
natural stands. Each individual TRW series was calculated as an average from two core
samples and was interpreted as the whole annual radial increment (early and late wood

together).

2.3. Data processing

All statistical data processing was carried out using R (R Core Team, 2013). The map
with the analyzed stands was produced with the "Raster” R package using SRTM data (Jarvis
et al., 2008). The results were interpreted for each tree, stand, and WG (according to the

annual PCPT of the stands, see Table 1).

The TRW chronologies were single detrended using the “dplR” package (Bunn, 2008). In this
study, we used a detrending method commonly used in dendrochronology, which consists of
a modified detrending method with a negative exponential curve described by Equation 1:
f(t) = aexp(bt) + k, according to Fritts (2001). In this paper, we used measured TRW and
detrended TRW (TRWi) chronologies, with smoothed lines with confidence intervals for
p<0.05. The smoothed curves were obtained with the generalized additive model (GAM) in
the R package "ggplot2". The bootstrapped Pearson's correlations between TRWi and SM
were calculated for the period 1980-2010 using the R package "treeclim" (Zang and Biondi,

2015). The used bootstrap Pearson’s correlation equation is:

Eqg. 1.

» Xy — nnxy
Thoot = =
& -m)E  y2-my?)
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where Iyt is the bootstrap Pearson’s correlation coefficient, n is the sample size and x and y

are correlated variables.

Tree grouping into WGs based on detrended radial growth and its sensitivity to SM was
performed via principal component analysis (PCA), based on 1980-2010 period. Statistically
significant differences were tested using one-way analyzes of variance for p < 0.05. Grouping

was performed via ANOVA honestly significant difference (HSD) Tukey post-hoc test.

2.3.1. The generalized additive mixed model (GAMM) processing

Following the increasing application of nonlinear models in radial growth modeling (Marchand
et al., 2020; Kostic et al., 2021; Wernicke et al., 2021) and after testing both linear and non-
linear model approaches, we selected a non-linear model for this study. Using a generalized
additive mixed model (GAMM), we described the relationships among the radial growth
chronologies and surrounding factors from different WGs. In detail, 38 variables were used for
the GAMM construction, with equal effects on the model. The GAMM outputs were used to
describe the implications and reliability of the interactions of the remotely sensed SM of the
radial growth-surrounded environment and compare the remotely sensed data with

traditionally measured parameters such as temperature, precipitation, river water level, etc.

A GAMMSs were provided by Eqg. 2, and a GAMMs were then constructed for each WG (dry,
moderate, and wet), each for a 30-year timespan (1980-2010). In all three cases, the same
38 variables were used as the inputs to the second model. Only TRW chronologies that
covered the mentioned 30-year period were included in the model. In total, 118, 152, and 71
tree TRW chronologies from dry, moderate, and wet stands were included in the second
model. The GAMMs were developed using the “mgcv” R package (Wood, 2015) via Equation

2:

Eqg. 2.
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TRWi ~ 1+ s(PRCP) + s(PRCPy4y) + s(PRCP;;,) + s(PRCPy;) + sS(TEMP) + s(TEMPy )
+ s(TEMP;;,) + s(TEMPy,) + s(SM) + s(SMyan) + s(SM;;4) + s(SMy,) + s(RWL)
+ S(RWLyan) + S(RWL; ;) + s(SPI 3yar) + s(SPI 3;une) + S(SPI 34y6) + S(SPI 6y45)
+ s(SPI 6,yng) + S(SPI 6,4y6) + S(SPI 1244) + s(SPI 12,yng) + S(SPI 12,444)
+ S(SPI 24y45) + S(SPI 24,yng) + S(SPI 24,¢) + S(SPI 36y45) + S(SPI 36,yn5)
+ S(SPI 36,4y¢) + S(SPI 48y4z) + s(SPI 48,yyg ) + S(SPI 48,¢) + S(SPI 60y45)

Site

Site
+ 5(SP160;yng) + s(SPI 60,46) + <Tree) + CorCARL (Year | (Tree)>

where TRWi denotes the detrended radial growth. Temperature, precipitation, and river
water level were interpreted for annual and two-year-long periods, based on the vegetation
period from the previous (or two years prior) September to August following the year, and for
two three-month-long periods. The first three months covered spring months and an intensive
tree growth period (March to May), and the next months included summer months from June
to August (the most unfavorable period for tree growth). Drought was interpreted from the
standardized precipitation index (SPI; see Vicente-Serrano et al., 2010). The SPI was
calculated from three representative and key months for radial increment during the vegetation
period (March, June, and August) for 3-, 6-, 12-, 24-, 36-, 48-, and 60-months accumulation
periods. In total, 21 SPIs were calculated and included in the GAMM. The abbreviations and
descriptions of all 38 used variables and the sources of the precipitation, temperature, and

river water level measurements and the calculated or remotely sensed wetness indices are

listed in Appendix A. In the GAMM, the (%) is used as a random effect.

We used a CorCAR1 as autocorrelation function in the GAMM. The smoother in mgcv
:: gamm was defined using the generalized cross validation (GCV) technique. Following Wood
(2017), the GAMM results were interpreted via the Adj. R? (adjusted coefficient of
determination), the EDF (estimated degree of freedom) and F (F-test with statistical

significance level p). The models were validated using K’ (smoother's maximal potential

10
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values) and k-index with a p significance level (test of sufficient number of basis function,
respected the GAMM residual pattern, see Wood (2007) for more details). The GAMM

performance was also checked visually on the basis of its residuals deviation.

For the GAMM, we used a commonly used significance code, where (V) indicated
nonsignificant, p > 0.05. Asterisks denote the significance level, where (*), (**), and (***)

indicate that the model fitting was significant at p < 0.05, < 0.01, and < 0.001, respectively.

3. Results
3.1. Radial growth chronologies from dry, moderate and wet stands

Trend of radial growth across pedunculate oak southeastern populations in different
wetness conditions was analyzed using a TRW series from 341 trees for the timespan from
1685 to 2018. In 333 years long timespan, radial growth variations were shaped via stand
wetness conditions. In the TRW chronologies taken from the dry, moderate, and wet WGs,
significant variations were observed (Fig. 2), but the highest and lowest growth was observed
in the same periods. Due to significantly lower number of TRW series, the first part (before
1850s) should be considered with caution and in further interpretation we will focused on the
second part of analyzed chronologies. When comparing the TRWi chronologies for the three
WGs, we found that oaks that grew in more extreme conditions (dry and wet stands) deviated
more strongly than oaks from the moderate WG. Likewise, higher one year decreasing peaks

were detected in oaks from wet WG, compared to other two WGs.

In unfavorable and drought periods in the 21 century, only oaks from the moderate
WG had an increasing trend, while oaks from the driest stand had constantly decreasing trend.
Trees from the wet WG varied to a greater extent over time. In some cases, these variations
could be linked with drought. For example, after extreme drought periods across Europe in

the 2000s, 2011-12, and 2017-18, oaks from wet stands had a stronger decreasing trend (but

11
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a faster recovery) than trees from the dry WGs, which were constantly decreasing but at a

significantly slower rate, starting in the 1990s.

3.2. Radial growth sensitivity to SM

The sensitivity of radial growth to SM was investigated by bootstrapped Pearson
correlation analysis of satellite-based SM data and detrended radial growth (TRWi)
chronologies. The correlation strength between SM and TRWi for each analyzed tree on a
monthly level during the 1979-2010 period is presented in Fig. 3, which shows that the TRWi
sensitivity to SM tended to increase during the intensive vegetation period (spring and early

summer) of tree-ring formation.

Likewise, the SM-TRWi correlation strength varied among WGs. As shown in Fig. 3,
radial increments noted in the dry (PRCP < 650 mm) and moderate (PRCP 650-750 mm)
WGs exhibited positive responses to SM, opposite to those from wetter stands (PRCP > 750
mm). As a result, trees from the dry and moderate WGs benefited the most from the increase
in SM in summer months, which are the driest and hottest months in the temperate climate

Zone.

On the other hand, trees from the wet and dry WGs were adversely affected by SM
during the wettest months in a vegetation period (i.e., April and May). SM had the strongest
negative impact on trees growing in sites that were in the wet WG. During the spring months,
which are the wettest in the vegetation period, tree radial growth from the wet WG provided a
negative response to SM, opposite of the responses of trees growing in moderately wet and
dry stands. Thus, based on the TRWi chronologies (Fig. 2) and the lowest TRWi sensitivity to
SM, oaks from the moderate WG showed the best performance in light of intensive climate

change as less water/drought/ sensitive specimens.

As shown in Fig. 4, 55-75% of SM-TRWi correlations were statistically significant (p
< 0.05), which were separated in three group based on HSD Tukey ANOVA post-hoc test for

12
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the same statistically significance. February and April strongly deviated from the other months.
It is worth noting that the highest number of statistically significant correlations were obtained
for April, followed by June and May, while much lower numbers were recorded for September
and August. Hence, overall, the lowest SM—-TRWi correlation strength values were recorded
during the early spring and late summer months, while SM in September had important

influence on radial growth performances.

3.3. WG associations with radial growth and its sensitivity to SM

Satellite-based SM data should be interpreted as a measure of soil water availability
at analyzed sites. In accordance with this statement based on pedunculate oak data, SM
should be a valuable proxy of radial increment variations. The results yielded by the present
study indicated that the classification of analyzed sites into three WGs based on the total
annual precipitation corresponded well to the differences in radial increment sensitivity to SM.
Following non-linear TRWi distributs, we chose the GAMM to describe the associations of

TRWi with SM and calibrated the SM influence related to traditionally measured factors.

Additionally, the spatial arrangement of trees assigned to different WGs was obtained
through PCA. The PCA revealed similarities in spatial differentiation between TRWi (Fig. 5-a)
and TRWi sensitivity to SM (Fig. 5-b). As shown in Fig. 5-a, trees belonging to the moderate
WG exhibited the smallest intrapopulation variability, whereas those from the moderate and

wet WGs were relatively similar.

The GAMMs (Eqg. 2.) were used to compare the SM possibilities in radial growth GAMM
modelling with other commonly used key meteorological factors such as temperature,
precipitation, drought indices and underground wetness modifiers such as river water level
(Table 2). The GAMM in all three cases (dry, moderate, and wet WGSs) produced a moderately
strong fitting. The adjusted coefficients of determinations (Adj. R?) were 0.57, 0.459, and 0.436

for the dry, moderate, and wet WGs, respectively. Out of the 38 variables that were included

13
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in the GAMM construction, more than ~2/3 were statistically significant at p<.05 (dry: 11/38;
moderate: 8/38; wet: 14/38) on the basis of the F-test significance level. Only in two cases
(SPI 36auc and SPI 48uar) was statistical significance not observed for any of the three

GAMMSs. The K-index was 20.87, and the K values were 9 for all variables.

The precipitation, temperature, river water level, SM, EQ, and SPI indices exerted
different influences on the TRWi GAMM models. In almost all of the three spring months
(March-May), the average temperature, precipitation, river water level, and SM more strongly
affected radial growth than they did in the summer months (June-August). The observed
pattern consisted of an intensive growth phase during spring months in the temperate climate
zone. The SPI indices, encompassing 21 variables, did not present as a clear pattern as the

abovementioned parameters did, following 3- to 60-month-long accumulation periods.

Soil moisture variables (SM, SMy2, SMuawm, and SMy;a) produced correlations that were
as strong as those for the other traditionally measured parameters (temperature, precipitation,
and river water level) and affected the TRWi in the constructed GAMMSs (Eqg. 2). This indicates
that remotely sensed SM is a reliable environmental factor for radial growth modeling, equally

as traditionally measured parameters.

Based on the GAMM approach (Eqg. 2.), oaks growing in drier conditions are more
sensitive to surrounding stand factors than oaks growing in moderate and wet stand
conditions. The strongest fitting was noted for oaks in the dry WG (Adj. R?>=0.57), while the
lowest Adj R? was noted for the wet WG (0.436). Equal deviations in GAMM (Eq. 2.) residuals
were noted for all three WGs (Fig 6). Only in a few years, e.g., 1982 and 2001 for the moderate
WG and 1984 for the wet WG, were stronger deviations noted. The GAMM that included oaks

from the dry WG had the smallest deviations (Fig 6-a).

4. Discussion

4.1. Pedunculate oak radial growth sensitivity across SE Europe
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Pedunculate oak radial growth sensitivity and performances were intensively research in last
decades (see Haneca et al., 2009 and Sochova et al., 2021 review papers). Likewise, oaks
were recognized as a key species to past-climate, -drought, and -hydrology reconstructions
in Europe, due to their strong radial growth, and C and O stable isotope responses to
surrounding environment, especially to water deviations (Blntgen et al.,, 2011, 2021).
Likewise, pedunculate oak is one of the most valuable forest tree species in SE Europe (Oprea
et al.,, 2018), and as such, it has been the focus of many studies investigating tree ring
sensitivity to changing environmental conditions. In published papers, researchers have
mainly focused on TRW measurements as whole- or early- and late-wood radial increments
separately (Nechita et al., 2012; 2019; Stojanovi¢ et al., 2015a; 2018; Arvai et al., 2018; Kosti¢
et al., 2021, etc.). Although informative (Levani€ et al., 2011; Urban et al., 2020), other tree
ring properties (such as wood anatomy, density, and C, H, and O stable isotopes) have rarely
been measured in oaks from the analyzed region, but widely used on European scale (e.g.
Biintgen et al., 2011; 2021). Nonetheless, a few studies from SE Europe analyzed carbon
stable isotopes (Levanic et al., 2011; Kosti¢ et al., 2019) and wood anatomy (JevSenak et al.,
2019) and (as expected) revealed significant sensitivity to the surrounding environmental

factors.

Across its distribution range, pedunculate oak was recognized as a highly sensitive
species to intensive climate change (Nechita et al., 2012; Bauwe et al., 2018), as well as to
water availability deviations, meteorological conditions, drought (Stojanovi¢ et al., 2018), soll
properties (Kosti¢ et al., 2021), and underground wetness (Skiadaresis et al., 2019). The
sample examined in the present study included stands from areas characterized by diverse
climate conditions. The variations in radial growth noted in this study could be attributed to
different stand conditions, which is in accordance with recent findings about oak radial
increment plasticity to the surrounding environmental stressors (Arvai et al., 2018; Stojanovi¢

et al., 2018; Skiadaresis et al., 2019; JevSenak et al., 2019; etc.).
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Furthermore, following different scenarios of forest productivity, a decreasing trend
was recorded in the first two decades of the 21 century, and it has been projected to continue
in the future (Bauwe et al., 2018). Assisted migration and climate-smart forest management
should be one of the adaptation tools to new climate conditions (del Castillo et al., 2019;
Williamson et al., 2019). Wood quality and annual radial increment dynamics are important
traits which could be considered during oak forest management because pedunculate oak is
one of the most expensive wood types from SE European forests (Glavonijic et al., 2005;
Attocchi, 2015). Thus, our comparative research of TRW chronologies and the obtained
variations provide insight into their wood productivity under different stand wetness conditions,
which would be of interest to forest practitioners and stake holders during decision making

process.

4.2. The TRW-SM relation and its plasticity to the stand water availability

The use of remotely sensed indices in dendrochronology is still in an early stage. At
present, the most commonly used remote sensing index is the NDVI, which is based on near-
infrared color changes in tree canopies. As this variable is directly related to photosynthesis
intensity and tree performance and health conditions, it can be reflected in radial increments
(Brehaut and Danby, 2018). On the other hand, the used SM parameter measured soil
drought, which except water limited a nutrient uptake via root and provide imbalance in

metabolism which also limited radial increment (Taiz et al., 2015).

Soil water availability to plants is defined by many environmental and climate factors,
which reflected on oak radial increment (Kosti¢ et al., 2021). For example, soil characteristics
(structure and organic matter) define the dynamics of water absorption (from atmosphere and
underground water sources) and its availability to plants (Asgarzadeh et al., 2010).
Furthermore, most environmental pollutants (heavy metals, salt, fuel, etc.) limit water with

macro- and microelements absorption into the plant, which detrimentally affect plant
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metabolism and their growth (Wu et al., 2010; Taiz et al., 2015). However, some root
characteristics, such as root architecture, which defines the depth of the active root zone, have
been shown to affect water absorption in field experiments (Manske et al., 2002) and could

perhaps be replicated to plant sensitivity to satellite-based environmental indices, such as SM.

Our results indicated significant correlations between SM and TRW, with notable
variations among months, locations, and site conditions. These findings are in line with those
yielded by other regional dendroecological studies of pedunculate oak radial increment
sensitivity to stand conditions. Stojanovi¢ et al. (2015a), for example, reported a relationship
between groundwater level in lowland oak forests and TRW, while Netsvetov et al. (2017)
noted PCPT and TEMP impacts on radial increment reduction. Some drought indices based
on meteorological measurements, such as SPI, SPEI, and RDI, have also been investigated
before, and the results indicate high pedunculate oak TRW sensitivity (Stojanovi¢ et al., 2018,

Losseau et al., 2020).

Several authors that have examined the sensitivity of pedunculated oak QURO TRW
to stand conditions noted prolonged effects of environmentally induced stress on radial
increment reduction (Stojanovi¢ et al., 2018, Zheng et al., 2019). Our SM vs. TRWi
associations support this specific finding. Following their correlations on a monthly level,
prolonged effects were not observed, which was the opposite result of the one-, two-year
averages (see the GAMM outputs). The absence of meaningful correlations during winter
months might be attributed to erroneous remotely sensed SM measurements when the soil is
frozen or covered by snow (Dorigo et al., 2017). Hence, microwave-based SM data can be
more readily used during vegetation seasons in northern climates or during whole years in

climates without snowy and icy periods.

Pedunculate oak is a highly drought-sensitive species (Nechita et al., 2012; Arvai et
al., 2018). In the present study, deviations and decreasing trends in water availability
significantly reduced radial increments of pedunculate oak specimens (Skiadaresis et al.,
2019). This result is in line with the statement that marginal populations are more climate
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sensitive than when they are in optimal stand conditions in most boreal tree species, such as
silver fir, beech, and analyzed oak (Askeyev et al., 2005; Guo et al., 2014; Stjepanovi¢ et al.,
2018). Newer studies on pedunculate oak TRW indicate higher variation and a significant
decreasing trend in radial increment in 215 century (Arvai et al., 2018; Bauwe et al., 2018).
These strong variations among years were marked in recent research on stable carbon
isotope ratio, which can be used to reconstruct plant stress conditions during the analyzed

tree-ring chronologies (Levanic et al., 2011; Kosti¢ et al., 2019).

4.3. Remotely sensed SM as a reliable ecological indicator of oak forest productivity?

Pedunculate oak radial growth is highly sensitive to SM. The sensitivity of radial
increment to soil water availability (derived from SM) differed considerably across the analyzed
stands, whereby stands classified in the wet and dry WGs more often expressed a significant
correlation between SM and radial increment. In wet stands, SM was more weakly correlated
in the wettest (spring) months and less strongly correlated in the summer months. However,
trees growing under dry conditions showed the strongest response to SM. Similarly, strong
correlations were found during the intensive growth period in contrast to the early spring and
late summer months. Furthermore, pedunculate oaks from the moderate and wet WGs were
less sensitive to SM, which set them apart as suitable for the new upcoming changes in the
surrounding stand conditions. In addition, we observed a prolonged effect (up to 4 years) of
SM on radial growth, which must be included in further implications of SM in
dendrochronological studies based on radial growth. Likewise, the constructed GAMM
showed that the fitting for SM and radial growth was as strong as the fittings for other

traditionally measured parameters and radial growth.

Finally, our research provides a new insight into the implications of remotely sensed
parameters such as SM in tree-ring research. In particular, the revealed correlation strengths

and between-stand and WG variations open new opportunities for further research into
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pedunculate oak and other temperate woody species sensitivity to water availability.

Additionally, a broad introduction of remote sensing in forestry could enable much faster

collection of valuable environmental data in a short and continuous time frame and contribute

to a deeper understanding of forest ecosystems and radial growth dynamics.
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Appendix A

Table Al. Abbreviations, descriptions, and sources of the GAMM variables.

No. Abbreviation Variable Description Source
1 PRCP Annual sum of Units: mm m-2, frequency: E-OBS, 23.1e version
precipitation daily measurements. (Copernicus: European
2 PRCPwmam March-May sum Union's Earth observation
od precipitation programme)
3 PRCPJa June-August sum
of precipitation
4 PRCPy2 Two-year sum of
precipitation
5 TEMP Anual temperature  Units: °C, frequency: daily
6 TEMPwawm March-May measurements.
average
temperature
7 TEMP A June-August
average
temperature
8 TEMPy2 Two your average
temperature
9 SM Soil moisture Soil moisture (m3 m-3), European space agency
10  SMwam March-May soil Satellite taken, in first ~10  climate change initiative
mosture cm soil depth, at 0.25°
11  SMuwua June-August soil (~27-28 km) resolution.
moisture The combined daily
12  SMy2 Two-year soil observation system from
moisture the ESA soil moisture
dataset (see Dorigo et al.,
2017 for more
information).
13 RWL Annual river water  River water level (cm), Hydrometheorological
level based on daily services of Republic of
14 RWLwmam March-May river observations. Serbia; National Institute
water level of Meteorology and
15 RWLua June-August river Hydrology (Bulgaria);
water level National
Hydrometeorological
Institute (Croatia);
Hydrometeorological
Institute of Slovenia
(Slovenia)
15 SPI Standard Calculated from daily

precipitation index

TEMP data from E-OBS
data base.
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Table legend

Table 1. Analyzed stand locations and meteorological and site characteristics.

Table 2. Generalized additive mixed model (GAMM) outputs to oaks that growing on drier,

moderate, and wetter stands.
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Figure legend

Figure 1. Map of the study area.

Figure 2. TRWi chronologies of oaks that growth on (a) dry, (b) moderate, (c) wet stands,

and (d) sample depth.

Figure 3. TRW-SM correlation strength distributions on a monthly level.

Note: Box-plots outliers are set to p < .01. Box are interquartile range, and horizontal line is

median value. Time span: 1980 to 2010.

Figure 4. Monthly percentage of statistically significant correlations, with error bars and HSD

Tukey post hoc test, for 95% significance

Figure 5. PCA of (a) TRW data and (b) TRWi vs, SM correlation strength, in timespan from

1979 to 2010, with wetness groups as grouping variable.

Figure 6. GAMM residuals for oak that growing in dry (a), moderate (b), and wet (c) wetness

group. In timespan from 1980 to 2010.
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723  Table 1. Analyzed stand locations and meteorological and site characteristics.
coun W:tsne TRW Altitude TP TEM
Location chronol Longitude Latitude (m P* Reference
try group No. (mm/ R
ogy a.s.l) m?) (°C)
Slove  Sorsko Dy g 51 16 14422080 46232964 388 6383 1392 Onpublished
nia polje - data
Krakovski Modera o 5 5 59 15406855 45876006 165 7311 1427 onpublished
pragozd te data
Murska — Modera o o 3 55 16528080 46490978 157 6559 1402 Crpublished
Suma te - data
Croati | oviiani MPY™ R0 1 16  16.816667 45366667 105 6569 1412 CnPublished
a te data
spatva 0¥ CRO 2 19 18816667 45100000 92 6440 13.99 Unpggi':hed
Serbi - Backi DY SrB.1 10 19007222 45832417 84 6438 141 Cnpublished
a Monostor - data
DY SrB 2 10 10007222 45832417 84 6433 13.99 U”ng:hed
Kraguiev DY opp 3 18 21.005540 44.142830 91 6432 1394 UnPublished
ac - data
Blate Motiera SRB 4 20 19138056 45.004167 87  731.8 14.46 U”p:z':hed
Wel SR 5 20 10213889 44.955556 86 7660 14.36 laanovic
- et al., 2015a
Branjevin - Modera  cop o 10 10160440 45467220 80 7313 1444 rostcetal,
a te 2019
Modera  oop 7 10 10160440 45467220 80 7311 1446 fost¢etal,
te - 2019
Modera  ope g 10 10193889 45520278 80 7134 1247  toanovic
te - et al., 2015b
Modera  oop o 10 10193889 45520278 80 7144 1247  Sioanovic
te et al., 2015b
Wet Stojanovi¢
Smogava SRB 10 18 19.211111 44.955833 86  824.6 13.17
et al., 2015a
Wet Stojanovi¢
SRB 11 12 19.211111 44.955833 86 7659 14.36
- et al., 2015a
Stara DY SRB 12 10 10245556 44.916111 78 6385 1382 loanovic
vrati¢na - et al., 2015a
DY SrB 13 13 10245556 44.916111 78 6384 1355 ioanovic
et al., 2015a
Bulga  Tulovska = Wet — pop 1 21 25555320 42550065 322 7577 14.47 Unpublished
ria koriya data
Yulievska - Modera  pp 5 50 25506784 42565882 311 7323 1427 npublished
koriya te data




Dolna — Modera  pop 3 6 26556511 42178805 104 7264 1245 UnPublished

topchiya te data

Goma - DIy pop 4 18 26571423 42261771 124 5866 1257 npublished

topchiya - data
724 Note: (*) Timespan: 1950-2018.
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726  Table 2. Generalized additive mixed model (GAMM) outputs to oaks that growing on drier,
727  moderate, and wetter stands.

DRY MODERATE WET
Variable EDF F (p) k-index (p) EDF F (p) k-index EDF F (p) k-index
PRCP 1 5.053*** 0.93*** 1 78.097***  0.93*** 0.999 12.653**  (0.95*
PRCPmam 4511 5.780*** 0.89*** 4.536 8.557** 0.89** 1 7.908** 0.92%**
PRCPj;aa 5.399  0.206NS 0.91%** 6.083 5.189*** 0.90*** 1 1.452NS 0.95**
PRCPy2 2.656  8.881*** 0.89*** 1 0.264NS 0.91%* 1 18.787***  0.97 *
TEMP 3.006 1.875M\s 0.90*** 5.073 6.400*** 0.91*** 0.999 4.928* 0.92%**
TEMPwmam 4704  3.365* 0.89*** 6.762 5.933*** 0.91%* 1 11.75%+* 0.93***
TEMP35a 7.184  3.134* 0.89*** 1 3.850* 0.89%** 1 0.397NS 0.93***
TEMPy: 7.336  6.591*** 0.89*** 1 13.410***  0.90*** 1 0.501NS 0.92%**
SM 1 8.565** 0.88*** 7.875 4.625%** 0.90*** 1 8.049** 0.93***
SMy;, 3.939 2.161NS 0.87*** 8.164 7.795%** 0.90***  0.999  17.97*** 0.94**
SMuam 5.782  6.762*** 0.90*** 8.521 7.600*** 0.91*** 4,834  3.850** 0.89***
SMaisa 4,989  5.490%** 0.89*** 7.04 8.244xxx 0.90*** 1 0.419Ns 0.90***
RWL 8.176  8.367*** 0.88*** 5.696 7.409*** 0.88*** 1.001  11.315** (.93***
RWL mam 6.837  7.924*** 0.89*** 8.316 14.464**  0.89*** 1 27.029*%**  (,93***
RWLjsa 8.648  17.069***  (.89*** 7.529 6.463*** 0.89*** 1 10.646** 0.92***
SPI 3uar 4983 4.380** 0.88*** 1 0.459NS 0.90*** 0.999 34.684***  (0.91***
SPI 35un 7.633  4.716*** 0.88*** 7.541 11.657**  0.89** 1.001  28.003***  (.92***
SPI 3auc 6.228  8.016*** 0.89*** 3.403 4.557* 0.90*** 1.001 2.726NS 0.94*
SPI 6mar 1 6.082* 0.89*** 1 0.480Ns 0.90*** 1 17.028***  (0.92***
SPI 6;5un 0.999 0.893"\s 0.89*** 4.286 6.305*** 0.90*** 0.999 36.312***  (0.94**
SPI 6auc 0.999 2.965MS 0.91*** 5.495 B.779** 0.89*** 2178  2.790NS 0.94***
SPI 12uar 2.600 15.024***  0.90*** 1 21.757%*  0.91*** 1 0.011Ns 0.95*
SPI 12;un 1 2.186Ns 0.88*** 1 48.141**  0.89*** 1 0.827NS 0.93***
SPI 12406 1 0.469NS 0.88*** 1 1.905NS 0.92** (0.999  18.575**  (0.94**
SPI 24par 5.198  3.974* 0.89*** 1 0.253NS 0.91*** 1 29.598***  (.92***
SPI 24;un 7.154  10.926***  0.88*** 1.050 0.266NS 0.90*** 1 8.244%*x 0.93***
SPI 2406 5.562  11.340***  (0.89*** 6.507 8.732*** 0.91**  6.073  6.226*** 0.94x**
SPI 36mar 1 23.579%*  (0.87*** 4.681 8.743** 0.90*** 3.902 5.697*** 0.92%**
SPI 36;5un 5.225  8.050*** 0.88*** 1 4.433* 0.88*** 1 8.194**x 0.94**
SPI 36auc 1 1.113N 0.90*** 1.002 3.069NS 0.90*** 1 0.186NS 0.91***
SPI 48uar 1 0.023Ns 0.88*** 1 0.437NS 0.89*** 1 0.360NS 0.93***
SPI 48;un 5.133  12.753**  (0.87*** 7.020 21.690***  0.89*** 0.999 0.047N\S 0.92%**
SPI 48auc 1 33.681**  (0.89*** 1 11.882**  0.92** 1 0.014NS 0.92%**
SPI 60mar 6.808  5.915*** 0.88*** 4.219 9.040*** 0.89*** 1 3.042Ns 0.93***
SPI 60;un 1 0.648NS 0.88*** 1 5.292* 0.90*** 1.003 1.295NS 0.92%**
SPI 60auc 1 0.054NsS 0.90*** 1 9.336** 0.90***  3.672  12.421**  (.94***
EQ 5.886  9.366*** 0.88*** 7.725 21.478**  (0.89 *** 2849  8.072** 0.92***

Adj R?=0.570 Adj R?=0.459 Adj R?=0.436

123307 K=9 124433 k=9 S0 K=9
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728 Note: GAMM - Generalized additive mixed model;, EDF — Estimated degree of freedom
729  (GAMM); F — Fisher test (GAMM); p — statistically significance. Signif. code: (") — non-

730  significant; (*) <0.1, (**) <0.01; (***) <0.001. Timespan = 1980 — 2010.
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