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INTRODUCTION
Forest ecosystems in southeastern (SE) Europe will be exposed to a warmer and likely drier climate in the 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). 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.), result-
ing 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; furtherbecause pedunculate oak is the most important economic species in lowland forests in SE Europe; further-
more, it is one of the most endangered tree species in temperate forest ecosystems (EUFORGEN, 2009; Han-

ewinkel et al., 2012).

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 (Reiche et al., 2016; White et al., 2016). In particular, normalized difference vegeta-
tion index (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; Cor-
rea‐Díaz et al., 2019; Muñoz et al., 2014; Martínez-Fernández et al., 2019). The remotely sensed index used in 
this study is 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 ecosys-
tems (Kim et al., 2020), microwave-based SM data significantly differ from NDVI data in terms of their prognos-
tic 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.

ABSTRACT
Drought and wetness conditions are typically regarded as among the primary environmental Drought and wetness conditions are typically regarded as among the primary environmental 
drivers in pedunculate oak (Quercus robur L.) forests throughout SE Europe. Across SE 

Europe, 22 stands were collected. The stands were divided into three wetness groups (WGs): 
dry (650), moderate (650–;750), and wet (750 mm m-2). A 38 environmental and climate pa-
rameters (temperature, precipitation, soil moisture, river water level, and drought indices) 
were included in the Generalized Additive Mixed Model (GAMM). Due to the changes in 
stand-wetness conditions, GAMM outputs revealed diverse responses to the majority of fac-
tors. Furthermore, more than half of these variables displayed nonlinear patterns, which are 
more appropriate for nonlinear modeling (such as GAMM) in tree-ring studies. Our results 
also show that all pedunculate oak stands under study are extremely susceptible to environ-
mental influences and can be employed in environmental modeling and reconstruction based 

on tree ring data.
MATERIAL AND METHODS
Data and stand descriptions

The present study was conducted on 22 stands across four SE European countries.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, two in Croatia, 14 in Serbia, 
and four in Bulgaria. For this study, we collected published and unpublished TRW chronologies from SE 
Europe. The sample included only visually healthy, mature, dominant trees from natural stands. Each indi-
vidual 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). 

Statistical data processing
All statistical data processing was carried out using R (R Core Team, 2013). Following the increasing appli-
cation of nonlinear models in radial growth modeling (Marchand et al., 2020; Kostić et al., 2021, Wernicke 
et al., 2021) and after testing both linear and nonlinear model approaches, we selected a nonlinear model 
for this study. Using a generalized additive mixed model (GAMM), we describe the relationships among the 
radial growth chronologies and surrounding factors from different WGs. In detail, 38 variables were used for 
GAMM construction, with equal effects on the model. The GAMM outputs were used to describe the impli-
cations and reliability of the interactions of the remotely sensed SM of the radial growth-surrounded envi-
ronment and compare the remotely sensed data with traditionally measured parameters such as tempera-

ture, precipitation, river water level, etc.
A GAMMs were provided by EQ. 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 in-
cluded in the model. In total, 118, 152, and 71 tree 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:

TRWi = 1+s(PRCP)+s(PRCP_MAM )+s(PRCP_JJA )+s(PRCP_Y2 )+s(TEMP)+s(TEMP_MAM )+s(-
TEMP_JJA )+s(TEMP_Y2 )+s(SM)+s(SM_MAM )+s(SM_JJA )+s(SM_Y2 )+s(RWL)+s(RWL_MAM )+s(R-
WL_JJA )+s(SPI 3_MAR )+s(SPI 3_JUNE )+s(SPI 3_AUG )+s(SPI 6_MAR )+s(SPI 6_JUNE )+s(SPI 

6_AUG )+s(SPI 12_MAR )+s(SPI 12_JUNE )+s(SPI 12_AUG )+s(SPI 24_MAR )+s(SPI 24_JUNE )+s(SPI 
24〗_AUG )+s(SPI 36_MAR )+s(SPI 36_JUNE )+s(SPI 36_AUG )+s(SPI 48_MAR )+s(SPI 48_JUNE 

)+s(SPI 48_AUG )+s(SPI 60_MAR )+s(SPI 60_JUNE )+s(SPI 60_AUG )+
(Site/Tree)+CorCAR1(Year  | (Site/Tree))
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Fig. 1. Study area

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

Fig. 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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