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Trends and driving forces of spring phenology of oak and beech stands 
in the Western Carpathians from MODIS times series 2000-2021
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This study focused on trends and driving forces of the leaf unfolding (LU) on-
set of oak and beech forests in the Slovak Carpathians along elevational gradi-
ents in the period 2000-2021. Particular attention was paid to improving the 
modelling of the LU onset using the MOD/MYD09 Moderate Resolution Imaging 
Spectroradiometer (MODIS) products. The LU onset was derived from the an-
nual Normalized Difference Vegetation Index (NDVI) trajectories fitted with a 
double logistic function. An improved estimate of the onset was obtained by 
calculating 6 parameters of the logistic function and by comparing with the LU 
onset from phenological field observations. Between 2000 and 2021, we found 
a trend towards an earlier LU onset at the national level by ~0.39 day year -1 

for oak stands (p = 0.13) and ~0.08 day year-1 for beech stands (p = 0.48). The 
analysis of trends in three elevation zones showed a difference in the LU onset 
of oak and beech stands as a function of elevation. For oak in 100-350 and 
350-500 m zones was found a shift  towards an earlier onset by ~0.41 day 
year-1 (p = 0.12). This corresponds to a shift of 8.6 days for the entire observa-
tion period 2000-2021. In the elevational zone above 500 m, the trend was 
milder, ~0.27 day year-1 (p = 0.21), i.e., 5.6 days for the entire analysed pe-
riod. The shift towards an earlier onset at lower elevations and a later onset at 
higher elevations for beech was not statistically significant, with p-values be-
tween 0.44 and 0.51. The atypical year 2021, with the latest onset of LU dur-
ing the entire observation period, fundamentally affected the significance of 
all trends. Nevertheless, the pixel-level analysis revealed a significant trend 
towards an earlier LU onset (p < 0.05) in 20.3% of oak stands. The same result 
was found only in 0.8% of beech stands. Strong negative correlations with R2 = 
0.72 for oak and R2 = 0.81 for beech (p < 0.001) were found between the LU 
onset and March and April temperature deviations from the long-term normal. 
Temperature changes are the main driving force affecting the LU onset in the 
studied region.
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Introduction
It is generally known from scientific stud-

ies that various factors influence the time 
of onset of spring phenophases. Spring de-
velopment  of  many  plants  (mainly  from 
warm  regions)  is  primarily  controlled  by 
temperature,  whereas  early  successional 
species native to temperate latitudes (e.g., 
Carpinus sp.)  only  become  temperature-
sensitive  once  their  chilling  demand  has 
been fulfilled. Late successional taxa, such 
as beech (Fagus sp.), are photoperiod con-
trolled,  with  temperature  only  exerting  a 
limited modulating effect once the critical 
day  length  has  passed.  This  mechanism 
prevents such taxa from sprouting at the 
“wrong” time (Körner & Basler 2010). The 
potential disruption of this mechanism was 
pointed out by  Zohner et  al.  (2018),  who 
showed that global warming leads to a re-
duction in the synchronous onset of spring 
phases (budding and flowering) by up to 
55% in individual trees.  Vitasse et al. (2018) 
suggested that tree phenology has chang-
ed at different rates in recent decades due 
to different temperature changes at differ-

ent elevations and different tree responses 
to these changes. This leads to more uni-
form  phenology  at  different  elevations. 
Nevertheless, many climate-related mecha-
nisms, especially those related to different 
rates  of  warming  at  different  elevations, 
are not well understood in forest tree phe-
nology (Chen et al. 2018, Meier et al. 2021).

The earlier onset of spring phenophases 
and  the  prolongation  of  vegetation  sea-
sons due to anthropogenic climate change 
is well documented in the literature (Ham-
unyela et al. 2013, Menzel et al. 2020, Meier 
et  al.  2021).  Keenan et  al.  (2014) showed 
that  carbon uptake by  photosynthesis  in-
creased significantly more than carbon re-
lease by respiration in both earlier  spring 
and  later  fall.  They  conclude  that  higher 
carbon  uptakes  contribute  to  slow  down 
the rate of warming. However, results pub-
lished  by  Chen  et  al.  (2019) suggest  that 
the  growing  season  length  has  not  in-
creased  since  2000  for  four  temperate 
species in Europe, including oak and beech, 
due to the reduced temperature sensitivity 
of  leaf  development.  A  comprehensive 
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model  for  green-up  duration  (GUD)  was 
derived by Kern et al. (2020) for deciduous 
forests in the broader Carpathian Basin re-
gion. An earlier start of the growing season 
(SOS) implies a longer GUD, whereas a de-
layed SOS is associated with a short GUD. It 
indicates  smaller  potential  benefits  of  cli-
mate change in terms of a longer growing 
season than expected. Nonetheless,  stud-
ies using multiple data sources and meth-
ods agree that earlier leaf unfolding is due 
to climate change, but these trends appear 
to have slowed or even reversed in recent 
years (Piao et al. (2019). The diversity of re-
sults points to the need to refine, deepen, 
and  synthesize  the  knowledge  from  re-
gional phenological studies for later use in, 
for example, carbon sink modelling or for-
est adaptation measures.

Ground-based phenology (GP) and satel-
lite-based  phenology  observations,  com-
monly referred to as land surface phenol-
ogy (LSP), are two basic approaches used 
in  studies  of  vegetation  phenology.  LSP 
opened  the  possibility  to  analyse  the 
course  of  phenological  events  in  forest 
stands continuously (at daily intervals) and 
at low cost, providing an integrative view 
at  a  landscape  level  (Jeganathan  et  al. 
2010).  Uncertainties  and issues should be 
considered when using GP records to vali-
date  satellite  sensor  estimates  of  LSP 
(Maignan et al. 2008,  White 2009,  Hamun-
yela et al. 2013). The main problems are: (i) 
insufficient  field  observations  or  spatial 
coverage;  (ii)  ground-based  versus pixel-
based  observations;  (iii)  unknown  mea-
surement precisions and data entry errors; 
(iv)  different  measured phenological  phe-
nomena; (v) different temporal resolutions 
and a non-linear relationship between GP 
and LSP. Norris & Walker (2020) and Youn-
es et al. (2021) pointed out at methodologi-
cal risks in deriving and interpreting pheno-
logical models based on satellite data from 
different  sensors.  Berra  &  Gaulton  (2021) 
summarised  that  ground-based  data  do 
not represent the ground truth, which is a 

source  of  validation  for  LSP,  but  rather 
serve as a comparison, and both observa-
tional methods should be used in a comple-
mentary  manner.  GP records are used to 
confirm  (or  interpret)  satellite  estimates. 
LSP data are necessary to extrapolate/pre-
dict GP, which means that one can find sim-
ilar temporal patterns in LSP and GP.

The satellite-based Normalized Difference 
Vegetation  Index,  NDVI  (Tucker  1979)  is 
widely used to study vegetation phenology 
in  spite  of  its  limitations,  such as  its  ten-
dency  to  saturate  over  dense  canopies 
(Huete  et  al.  2002,  Gitelson  2004).  The 
most common alternative is the Enhanced 
Vegetation Index, EVI (Bajocco et al. 2019, 
Tholt 2021). In Slovakia, the use of satellite 
imagery to determine phenological events 
of forest began in 2009 based on NDVI de-
rived from MODIS data (Bucha et al. 2011, 
Lukasová et al. 2014, Barka et al. 2019).

Modelling approaches are used to derive 
satellite-based  phenological  metrics.  LSP 
modelling  entails  a  mathematical  expres-
sion of the vegetation index development 
(such as NDVI or EVI) during the year and 
determining the onset of major phenologi-
cal  events.  Berra  &  Gaulton  (2021) state 
that  the  logistic  function  (Zhang  et  al. 
2003) and its double-sigmoid modification 
(Fisher & Mustard 2007) are the most fre-
quently used functions in deriving vegeta-
tion phenology at local and regional levels. 
Pavlendova et al. (2014) and Lukasová et al. 
(2019) used the mentioned Fisher’s modifi-
cation  and  compared  the  satellite  and 
ground-based  phenology  observations  in 
beech  stands  in  the  Slovak  Carpathians. 
The comparability of satellite and ground-
based spring phenology of oak stands was 
confirmed by Bucha et al. (2022). The prov-
en close relation between GP and LSP leaf 
unfolding onset allows us to focus on two 
goals in our study.

The first goal is to study the spatial and 
temporal variability of leaf unfolding (LU) 
of beech and oak stands. The satellite met-
ric  of  Growth  Speed  Day  (GSD),  repre-

sented by the first derivative of the Fisher 
sigmoid function in the spring phase, is tied 
to the LU onset and was selected as the 
commonly  used  SOS.  The  anticipation  is 
that a longer time series of MODIS imagery 
from 2000 to 2021, climatological data, and 
a more precise determination of the GSD 
will  provide  a  statistically  relevant  and  a 
more  objective  derivation  of  LU  trends 
compared to previous works. New insights 
into the relationship between the LU on-
set, air temperature deviations, and eleva-
tion gradients are also expected. The inad-
equate explanation of  these relationships 
and their changing trend have been point-
ed out by Chen et al. (2018) and Meier et al. 
(2021).

The second objective  of  the  study  is  to 
verify the 6-parameter Fisher’s function for 
modelling the onset of spring phenophases 
in beech and oak stands. A higher accuracy 
in  estimating  the  parameters  of  Fisher’s 
sigmoidal  function  and  thus  objectifying 
the  onset  of  spring  phenophases  is  ex-
pected compared to our previous studies 
(Bucha  &  Koren  2014,  2017),  where  we 
used the Fisher function with 4 parameters 
and set the minimum value and the ampli-
tude of NDVI as constants.

Material and methods

Study area
The study was conducted in forest stands 

in Slovakia dominated by European beech 
(Fagus sylvatica L.), Pedunculate oak (Quer-
cus robur L.) and Sessile oak (Quercus pe-
traea Liebl. – Fig. 1). These are the econom-
ically most important and most represent-
ed deciduous trees in Slovakia, as the oc-
currence of beech is  34.6% and oak 10.4% 
(Moravčík et al. 2021).

Geographically, most of the territory be-
longs  to  the  province  of  the  Western 
Carpathians, and a part of Eastern Slovakia 
of  about  21°  15′ longitude belongs  to  the 
province of the Eastern Carpathians (Koč-
icky & Ivanič 2011). Slovakia is located in the 
northern  temperate  zone  with  a  transi-
tional climate, i.e., with the typical alterna-
tion of humid oceanic and dry continental 
air.  The occurrence of  oak  stands  is  con-
centrated in the 1st to 3rd forest vegetation 
zones from the 8-point scale. This area has 
an  average annual  temperature  of  above 
5.5 °C, annual precipitation up to 800 mm, 
and a growing season of 150 to 180 days. 
Most beech stands are in the 2nd to 5th for-
est vegetation zones with an average an-
nual  temperature of  4.5 to 8.5 °C,  annual 
precipitation  of  600  to  1050  mm,  and  a 
growing season of 110 to 180 days (Zlatník 
1976).

Cambisols are the predominant soil type 
on which oak and beech stands occur, fol-
lowed by leptosols, luvisols and planosols, 
according  to  the  Landscape  Atlas  of  the 
Slovak Republic  – Map of Soil Types (Mik-
lós et al. 2002). A large part of the studied 
beech stands, especially in the northeast of 
Slovakia, occurs in the flysch zone.
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Fig. 1 - Forests in Slovakia with predominant occurrence of beech (orange colour) and 
oak (green colour), and spatial distribution of the analysed pixels with an occurrence 
of beech ≥ 90% (brown triangle) and oak ≥ 70% (black crosses).
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Spring phenology of oak and beech stands in the Western Carpathians from MODIS

Workflow and selection of oak and 
beech stands

The study was based on MODIS satellite 
imagery, namely the products MOD09GQ, 
MYD09GQ, MOD09GA and MYD09GA. The 
products  represent  the  spectral  reflect-
ance at the Earth’s surface,  i.e., the effect 
of absorption and scattering of radiation in 
the  atmosphere  was  eliminated  (https:// 
modis.gsfc.nasa.gov/data/dataprod/mod09
.php).

The steps of the workflow are shown in 
the flowchart (see Fig. S1 in Supplementary 
material).  The  workflow  consists  of  four 
main parts: (1) the selection of a homoge-
nous sample for oak and beech stands; (2) 
the creation of the MODIS database and a 
derivation of the NDVI; (3) the modelling of 
the onset of spring phenophases for a set 
of oak and beech stands; and (4) the statis-
tical data analysis.

For selecting oak and beech homogenous 
stands,  we  used  the  Landsat  based  tree 
species map of Slovakia (Bucha 1999), with 
a  resolution  resampled  to  250  m  corre-
sponding to MOD09 pixel, combined with 
the  Forest  Management  Information  Sys-
tem  database  from  the  National  Forest 
Centre.  The  database  contains  current 
compartment-level  data  and was  used to 
calculate the proportion of beech and oak 
in  250 m pixels.  Marginal  pixels  were ex-
cluded  from  the  tree  species  map,  since 
such  pixels  may  be  spectrally  contami-
nated with other land cover categories in 
the  MOD09  products  (Townshend  et  al. 
2000),  which  could  thus  bias  the  derived 
NDVI values.  Pixels  where the proportion 
of beech was less than 90% were also left 
out.  For  oak,  we excluded pixels  with its 
proportion below 70% in  order  to keep a 
sufficient number of pixels for the analysis. 
The  resulting  masks  of  beech  and  oak 
stands contained 4539 and 981 pixels,  re-
spectively. Of these, we selected 376 pixels 
(beech)  and 413  pixels  (oak)  by  stratified 
random sampling, which were used for the 
LU onset analysis  (Fig.  1).  The number of 
pixels ensured that the samples fully repre-
sented the  entire  population of  homoge-
nous oak and beech stands.

The elevation distribution of the analysed 
oak and beech pixels is shown in Fig. S2a 
and Fig. S2b (Supplementary material). Ele-
vations for  individual  pixels  with oak and 
beech  stands  were  estimated  from  Slo-
vakia’s DMR3.5 digital relief model with a 
resolution of 10 m from the Geodetic and 

Cartographic  Institute,  resampled  to  the 
MOD09 resolution of 250 m.

Modelling of NDVI development and 
software solution

The MOD/MYD09GQ and MOD/MYD09GA 
products  (collection  5  a  6)  were  down-
loaded from the United States Geological 
Survey  Earth  Resources  Observation  and 
Science Center  (USGS EROS Center  2022) 
from  2000-2021. The  products  MOD/MY-
D09GA  contain  the  quality  assessment 
layer  that  was  used to  exclude pixels  af-
fected by clouds, cloud shadows, and high 
aerosol  content  from  the  analyses.  From 
the MOD/MYD09GQ products, we derived 
the NDVI using red and infrared bands with 
a pixel resolution of 250 × 250 m according 
to the relationship (eqn. 1):

(1)

Layers for phenology modelling were cre-
ated by overlapping the NDVI with oak and 
beech samples. The selection and pre-pro-
cessing of  MODIS images and the deriva-
tion  of  NDVI  were  described  in  detail  in 
previuos  studies  studies  (Bucha  &  Koren 
2014,  2017).  Currently,  a  consistent  data-
base  includes  MOD/MYD09GQ  and  MOD/
MYD09GA products and derived NDVI with 
a resolution of 250  × 250 m from 2000 to 
2021.

The subject of the analysis was the NDVI 
time  series from  March  to  July  over  the 
years 2000-2021. The annual development 
of NDVI was modelled by the sigmoidal lo-
gistic  function  (Fisher  &  Mustard  2007 – 
eqn. 2):

(2)

where  v(t) is the NDVI observed on a day 
of year  t, vmin and vamp are parameters cor-
responding to  the  minimum value  of  the 
vegetation index (NDVI) and its amplitude, 
parameters m1 and n1 control the shape and 
the  slope  of  the  curve  in  the  ascending 
(spring) phase, and parameters m2 and  n2 

control the descending (autumn) phase.
The annual NDVI profile was modelled by 

a double sigmoidal logistic function imple-
mented  in  our  proprietary  and  free  soft-
ware  PhenoProfile  (http://gis.tuzvo.sk/phe 
noprofile/).  The  main  advantage  of  using 
proprietary software is the complete con-
trol of the modelling parameters, the set-
ting  of  their  initial  values  and  possible 

ranges. Based on the input data (Julian day 
and NDVI), the application allows us to esti-
mate  the  parameters  of  the  Fisher’s  sig-
moidal function (eqn. 2) and calculate the 
first to third order derivatives and the cor-
responding day of the year (DOY – Fig. S3 
in Supplementary material).  The fitting of 
the phenological curves runs in parallel on 
the  designated  number  of  PC  processor 
cores. The local extrema of the derivatives 
represent satellite metrics to which the on-
set  of  individual  phenophases  was  as-
signed (Tab. 1).

In modelling the NDVI profiles for exten-
sive  (nationwide)  pixel  files,  our  previous 
studies (Bucha et al.  2011,  Bucha & Koren 
2017)  used the  Fisher’s  function with  the 
derivation of 4 parameters. The problems 
with using the 6-parameter model included 
the  enormously  increasing  demands  of 
computer power in the iterative derivation 
of model coefficients and the sensitivity of 
the model to the lack of data before and at 
the beginning of spring phases (budburst). 
Therefore, two parameters of eqn. 2 repre-
senting the minimum value and the ampli-
tude of NDVI were set as constants. Their 
values  were  estimated  from  the  NDVI  at 
the end of winter dormancy and the period 
of  maximum  foliage  (Bucha  et  al.  2011). 
Tholt  (2021) obtained  other  values  in  a 
comprehensive analysis of the NDVI index 
for  oak  and  beech  forests  from  2000  to 
2020. The analysis also showed the differ-
ences between the minimum NDVI values 
for spring and autumn periods.

The  subject  of  the  refinement  was  the 
derivation  of  all  six  parameters  of  the 
Fisher’s function. To make the computation 
time acceptable, we defined the ranges of 
each  parameter  and  divided  the  ranges 
into subspaces within which the iteration 
process proceeds. A higher number of sub-
spaces allows for a more accurate estima-
tion of  the parameters but multiplies  the 
duration  of  the  iterative  calculation.  One 
solution is to perform the modelling in two 
steps for spring and fall phenophases sepa-
rately.  This  approach  is  justified  because 
the minimum value of NDVI vmin is different 
in  spring  and  autumn  (Tholt  2021).  The 
ranges of parameters for modelling spring 
phenology for oak and beech are shown in 
Tab. 2. We achieved a computation time of 
6-8 hours using a computer with a 6-core 
processor with samples containing around 
400 pixels and ranges defined in Tab. 2.
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Tab. 1 - Satellite-based phenological metrics and corresponding vegetative phenophases (GAD): Growth Acceleration Day (GSD):  
Growth Speed Day (GDD): Growth Deceleration Day (DOY): Day of Year.

Satellite-based 
metrics

Mathematical representation of the satellite phenological metric ~ corresponding vegetation phenophase

GAD Maximum (maximum acceleration) of the second derivative of eqn. 2 in the spring phase ~ beginning of bud burst

GSD Extreme value of the first derivative of eqn. 2 in the spring phase ~ beginning of leaf unfolding (LU onset)

GDD Minimum (maximum deceleration) of the second derivative of eqn. 2 in the spring phase ~ end of leaf unfolding
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NDVI=
NIR841−876 nm−Red620−670 nm
NIR841−876 nm+Red620−670nm

v (t )=vmin+vamp( 1

1+em1−n1t
+ 1

1+em2−n2t)

https://gis.tuzvo.sk/phenoprofile/
https://gis.tuzvo.sk/phenoprofile/
https://modis.gsfc.nasa.gov/data/dataprod/mod09.php
https://modis.gsfc.nasa.gov/data/dataprod/mod09.php
https://modis.gsfc.nasa.gov/data/dataprod/mod09.php
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Satellite phenometrics and comparison 
with ground-based observations

A curve fitted according to eqn. 2 repre-
sented the basis  for  deriving the satellite 
metrics  and  determining  the  DOY  of  the 
phenophase onset. The vegetative pheno-
phases corresponding to the satellite met-
rics are listed in Tab. 1.

The  relationship  between  ground-based 
phenophase  observations  and  satellite-
based metrics  was demonstrated by  Pav-
lendova  et  al.  (2014) and  Lukasová  et  al. 
(2019) for beech stands. In this study, only 
the onset of leaf unfolding is analysed, i.e., 
the GSD metric. The LU onset is the pheno-
logical  phase  defined  by  DOY  when  the 
first light green leaves appeared on at least 
a half of individuals of the given observed 
group (Braslavská & Kamensky 1996).

Ground-based phenological  observations 
from the Slovak Hydrometeorological Insti-
tute (SHMI) stations, where more than 95% 
of LU onset data were available for each 
year from 2000 to 2021, were used to com-
pare GSD modelling. The criteria were met 

by  22  oak  and  36  beech  phenology  sta-
tions. The SHMI stations are evenly distrib-
uted  across  Slovakia  and  are  located  at 
sites  where  a  higher  number  of  woody 
plants can be observed at one plot. There-
fore,  the  SHMI  plots  and  the  selected 
MODIS pixels do not spatially overlap. Us-
ing  a  two-sample  Kolmogorov-Smirnov 
test,  we  tested  the  agreement  between 
the  SHMI  plots  and  the  MODIS  pixels  in 
terms  of  their  elevation  distribution.  The 
test showed that the samples were identi-
cal and therefore suitable for the compari-
son of  the ground and satellite-based LU 
onset (see Fig. S4 in Supplementary mate-
rial for oak and beech samples).

Climatological data for analysis of leaf 
unfolding onset

Data  from  the  Meteomanz  web  site 
(http://www.meteomanz.com/)  were used 
to analyse relationships between climato-
logical features and the DOY of leaf unfold-
ing  onset  expressed  by  the  GSD  metric. 
Tab. S2, Tab. S3 and Tab. S4 (Supplemen-
tary material) contains the original down-
loaded  data  from  the  period  2000-2021, 
namely the monthly mean air temperature 
(T, in °C) in Slovakia and the calculated de-
viations of the monthly mean air tempera-
tures (ΔT, in °C) from the long-term normal 
values  (1961-1990)  for  February,  March, 
and April in Slovakia.

Statistical evaluation of data
The  basic  data  used  for  the  statistical 

evaluation include the derived GSD values 
for  each pixel  of  oak and beech samples 
and each year in the period 2000-2021. For 
the nationwide assessment of the LU on-
set,  the  GSD  median  for  each  year  from 
2000 to 2021 was calculated. The GSD intra-
annual  variability  was expressed using 5th 

and 95th percentiles.
The  nonparametric  Mann-Kendall  test 

(MKT)  described  in  detail  by  Karmeshu 
(2012) was used to evaluate GSD trends at 
the  pixel  level.  The  significance  of  the 
trend was expressed using the Z statistic. A 
positive Z-score indicates an upward trend 
(late onset of phenophases); conversely, a 
negative  Z-score  indicates  a  downward 
trend (earlier onset of phenophases). The 
pixels  were  grouped  into  six  categories 
based on the Z statistics score, according 

to the nature of the trend (downward or 
upward)  and  its  significance  (non-signifi-
cant,  weakly  significant  and  significant). 
The  nationwide  features  of  the  trend  (Z 
statistics,  absolute  and  regression  coeffi-
cients, and Tau coefficient) were calculated 
as an arithmetic mean of all pixels.

To  check  the  changes  in  the  GSD  as  a 
function  of  elevation,  we  derived  trend 
characteristics for three elevation zones of 
oak (≤350 m, 350-500 m, and >500 m a.s.l.) 
and three of  beech (≤500 m,  500-750 m, 
>750 m a.s.l.) in the same way as described 
above (Mann-Kendall test). The pixels that 
were  located in  the  corresponding eleva-
tion zone were included in the respective 
calculation. In this study, the trend is sig-
nificant  (α =  0.05)  when z  >  1.96 (an up-
ward  trend)  or  z  <  -1.96  (a  downward 
trend). If 1 ≤ z < 1.96 or -1.96 ≤ z < -1, the 
trend  is  considered  weakly  increasing  or 
decreasing,  respectively.  If  -1  ≤  z  <  1,  the 
trend is non-significant.

A nonlinear regression analysis  was per-
formed  to  analyse  the  relationships  be-
tween  the  GSD  and  elevation  using  the 
arithmetic mean of GSD calculated for each 
pixel in the years 2000-2021.

Linear  correlation  and  regression  analy-
ses  were used to assess  the dependence 
between the GSD and the nationwide devi-
ation of monthly mean air temperature (ΔT 
in  °C)  from  1961-1990  long-term  normal. 
The  dependencies  for  February,  March, 
and  April  and  the  arithmetic  averages  of 
February-April and March-April were exam-
ined separately. The GSD of oak and beech 
stands during 2000-2021 was calculated as 
the median of all analysed pixels, i.e., from 
376 beech pixels and 413 oak pixels.

Results

Leaf unfolding: intercomparison of the 
satellite and ground-based observations

A  comparison  of  the  LU  onset  from 
ground-based  phenological  observations 
and MODIS observations expressed by the 
GSD metric is shown in Fig. 2a for oak and 
Fig.  2b for  beech.  The DOY of  LU onsets 
represents the median calculated for each 
year 2000-2021 (see Tab. S1 in Supplemen-
tary material for the original data used to 
perform this analysis).  The comparison of 
DOY over the entire period shows a close 
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Tab.  2 -  Ranges  of  individual  Fisher’s 
function  parameters  used  for  spring 
phenology modelling and partitioning of 
ranges  into  subspaces  defined  via the 
PhenoProfile  configuration  file.  The 
NDVI  layers  used  for  modelling  spring 
phenology covered a period from about 
the 70th to the 200th day of the year. The 
m2,  n2 ranges and the subdivisional pa-
rameters  Subdiv-m2 and  Subdiv-n2 are 
crucial for autumn phenophases. We do 
not  mention  them  because  they  have 
no  influence  on  the  calculation  of  the 
parameters for spring phenophases.

Parameter Oak Beech

vmin 0.39 - 0.50 0.42 - 0.53

vamp 0.35 - 0.50 0.40 - 0.50

m1 10 - 40 10 - 35

n1 0.1 - 0.35 0.1 - 0.30

Subdiv- vmin 35 35

Subdiv- vamp 35 35

Subdiv- m1 45 45

Subdiv- n1 45 45

Fig. 2 - Comparison of leaf 
unfolding onset (median) 
from MODIS and terres-
trial phenological obser-
vations in oak (a) and 
beech (b) stands for 
2000-2021. (X-axis): year; 
(Y-axis): day of the year 
(DOY).
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relationship  between  the  ground-based 
and  satellite  determination  of  LU  onset. 
This allowed identifying the years in which 
the differences between the satellite and 
ground-based DOY determination indicate 
possible errors that need to be checked. In 
the case of the oak stands, these are main-
ly the years 2002, 2005, 2006, and 2014. In 
the case of the beech stands, it is 2017. For 
the mentioned years, the GSD metric was 
re-derived by changing the original model-
ling parameters defined in  Tab. 2. The aim 
was to extend the range of parameters of 
eqn. 2 and to double the subspaces within 
which  the  iteration  process  takes  place. 
The calculation was extended to more than 
three  days  and  confirmed  the  validity  of 
the  original  GSD  metrics.  In  no  case  the 
GSD  difference  exceeded  0.2  days  com-
pared to the calculation with the parame-
ters given in Tab. 2. This confirmed our as-
sumption that the setting of the parameter 

ranges is appropriate and does not bias the 
estimation of parameters.

Leaf unfolding development in 2000-
2021

The LU onset expressed by the GSD met-
ric and its intra-annual variability expressed 
by  5th and  95th percentiles  from  2000  to 
2021,  and Mann-Kendall  trend of  GSD for 
oak and beech stands from the whole terri-
tory of Slovakia are shown in Fig. 3.

Fig. 3a (oak) and Fig. 3b (beech) show the 
significant intra- and inter-annual variability 
of  the GSD.  Under Carpathian conditions, 
the intra-annual variability was conditioned 
by elevation and the associated air temper-
ature.  The  inter-annual  variability  of  the 
GSD is determined and naturally varies ac-
cording to the character of spring weather.

Fig.  4 shows  the  relationships  between 
the GSD and elevation for oak and beech 
stands.  The  GSD  was  calculated  for  each 

pixel as the arithmetic mean for the period 
2000-2021. The relation is nonlinear and is 
expressed in both cases (oak and beech) 
by the second-degree polynomial function. 
The later GSD with the increasing elevation 
is evident.

To quantitatively express the character of 
spring weather and to explain the year-to-
year variability of GSD, we used the mean 
air  temperature  deviations  of  February, 
March, and April from 1961-1990 long-term 
normal.  Fig. 5a for oak stands and  Fig. 5b 
for beech stands show the highest depen-
dences  found  between  the  arithmetic 
mean of temperature deviations in March 
and April  ΔTIII-IV  (°C) and GSD during 2000-
2021. All correlations are listed in the sup-
plementary material (Tab. S5). A weight of 
2 was used for April to calculate the mean 
deviation ïΔTIII-IV  (°C)  for  beech.  We noted 
that  the  correlation  coefficient  would  be 
the same if we used the mean temperature 
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Fig. 3 - Onset of leaf unfold-
ing (median of GSD), its 

duration (5th and 95th per-
centiles) and Mann-Kendall 

trend of GSD for (a) oak 
and (b) beech stands on 

the whole territory of Slo-
vakia. (X-axis): year; (Y-

axis): day of the year 
(DOY).

Fig. 4 - Correlation 
between elevation and 
onset of leaf unfolding 

(GSD average 2000-2021) 
for (a) oak and (b) beech.

Fig. 5 - Relationship 
between air temperature 
deviation and the GSD for 

(a) oak and (b) beech. X-
axis: ΔTIII-IV (°C) - arithmetic 

mean of air temperature 
deviations of March and 

April in 2000-2021 from the 
long-term normal 1961-

1990; Y-axis: GSDmean(DOY) 
- day of year of LU onset 
calculated as arithmetic 

mean of all pixels for each 
year from 2000-2021.
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from TIII-IV (°C). The advantage of using a de-
viation  is  that  its  values  directly  quantify 
the magnitude of the temperature change. 
The prevailing positive deviations confirm 
the  increase  of  temperature  in  the  ob-
served period (2000-2021) compared to the 
long-term normal  1961-1990.  At  the  same 
time, it is thus possible to compare real de-
viations with different scenarios of temper-
ature increase.  For example,  Kuster et al. 
(2014) report  that  spring  temperature  in 
Central Europe is expected to increase by 
+2.2 to 4.2 °C in the 21st century.

The  statistical  evaluation  of  the  signifi-
cance of the GSD trends (i.e., the slopes of 
regression  equations  in  Fig.  5)  using  the 
Mann-Kendall test for the time series 2000-

2021 is given in  Tab. 3. The trends derived 
for each pixel of the oak and beech sam-
ples  were  grouped  into  six  categories 
based  on  the  Z-score,  depending  on  the 
trend  type  (downward,  upward)  and  its 
significance.  The  summary  data  for  the 
whole samples of oak and beech are also 
given.

The  dependencies  between  the  Kendall 
Theil-Sen slope (trend) of GSD and the ele-
vation for  oak and beech are depicted in 
Fig.  S5  (Supplementary  material).  The 
trend over the period 2000-2021, calculated 
for  each  pixel,  expresses  the  shift  in  the 
GSD  in  days  per  year.  The  relationship  is 
nonlinear and is represented by a third-de-
gree  power  function  for  both  species.  In 

oak  stands,  the  trend  towards  an  earlier 
GSD is more significant at lower elevations 
than at higher elevations. For beech the na-
ture of the GSD trend changes at an eleva-
tion of about 700 m a.s.l. from an earlier to 
a later onset. The distribution of points in 
Fig. S5 (Supplementary material) served as 
the  basis  for  a  more  detailed  statistical 
evaluation of the significance of the trends 
in the GSD in 3 elevation zones using the 
Mann-Kendall  test  (Tab.  4).  The  derived 
statistics (Tau coefficient and p-value) de-
termine the nature and the significance of 
the  GSD  trend  for  individual  elevation 
zones and for the whole area of Slovakia 
with  the  occurrence  of  oak  and  beech 
stands.

Discussion

Notes on phenological modelling and 
intercomparison of results

Fig. 2 shows that the DOY of leaf unfold-
ing onset from MODIS (expressed by GSD 
metric)  and  ground-based  observations 
from SHMI phenological  stations had the 
same  patterns  for  both  oak  and  beech 
stands  during  the  2000-2021  observation 
period. Four substantial differences found 
in 2002, 2005, 2006 and 2014 for oak and 
one in 2017 for beech were checked by re-
calculating  the  GSD from MODIS.  The re-
fined GSDs were not significantly different 
from the original ones. The observed differ-
ences remain unexplained, because no sub-
stantial differences occurred in other years. 
Moreover,  the  differences  in  2002,  2005, 
2006, and 2014 appeared only for oak, and 
the  difference  in  2017  appeared  only  for 
beech.  Ground-based  phenological  obser-
vation  errors  cannot  be  excluded  either. 
Therefore, we consider the MODIS-derived 
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Tab. 3 - The distribution of oak and beech stands according to the statistical significance of the GSD trend for the period 2000-2021  
based on the non-parametric Mann-Kendall test. (α): significance level; (Z-score): standardized Z-value; (P): confidence level in % 
(probability of the significance of the trend).

Species 2000-2021
Significance 
level α

Z-score
Confidence level 

P = (1 - α)
Trend description

Number
of pixels

% of
pixels

O
ak

1 α < 0.05 z < -1.96 > 95 % Significant downward 84 20.3

2 0.05 ≤ α < 0.32 -1.96 ≤ z < -1 68 - 95 % Weak downward 299 72.4

3 0.32 ≤ α < 1 -1 ≤ z < 0 0 - 68 % Non-significant 29 7

4 0.32 < α ≤ 1 0 ≤ z < 1 0 - 68 % Non-significant 1 0.3

5 0.05 < α ≤ 0.32 1 ≤ z < 1.96 68 - 95 % Weak upward 0 0

6 α ≤ 0.05 z ≥ 1.96 > 95 % Significant upward 0 0

- Region-wide mean: z = -1.61 - Weak downward 413 -

Be
ec

h

1 α < 0.05 z < -1.96 > 95 % Significant downward 3 0.8

2 0.05 ≤ α < 0.32 -1.96 ≤ z < -1 68 - 95 % Weak downward 139 37

3 0.32 ≤ α < 1 -1 ≤ z < 0 0 - 68 % Non-significant 174 46.3

4 0.32 < α ≤ 1 0 ≤ z < 1 0 - 68 % Non-significant 46 12.2

5 0.05 < α ≤ 0.32 1 ≤ z < 1.96 68 - 95 % Weak upward 13 3.4

6 α ≤ 0.05 z ≥ 1.96 > 95 % Significant upward 1 0.3

- Region-wide mean: z = - 0.48 - Non-significant 376 -

Tab. 4 - GSD trends and their statistical significance determined by the nonparametric  
Mann-Kendall test. (T): Tau correlation coefficient; (p): p-value of significance of the 
regression coefficient; (n): number of pixels. The year (yr) as an independent variable 
is expressed from 1-22 (2000-2021) to directly convey the regression slope (trend) in 
days.

Spe-
cies

Elevational 
zone (m a.s.l)

n
Theil-Sen trend
GSD =

T p Trend type

O
ak

100-350 170 116.02 - 0.408 · yr -0.26 0.12 Weak downward

350-500 186 117.16 - 0.409 · yr -0.25 0.13 Weak downward

>500 57 119.58 - 0.269 · yr -0.21 0.21 Weak downward

Whole country 413 117.02 - 0.389 · yr -0.25 0.13 Weak downward

Be
ec

h

250-500 149 116.76 - 0.127 · yr -0.12 0.44
Non-significant 
downward

500-750 189 119.04 - 0.090 · yr -0.08 0.51
Non-significant 
downward

>750 38 122.54 + 0.162 · yr 0.11 0.47 Non-significant upward

Whole country 376 118.47 - 0.079 · yr -0.07 0.48
Non-significant 
downward
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DOY validated and reliable for further anal-
yses.

The assumption of a more accurate esti-
mation of the parameters of the phenolog-
ical  curve  using  the  6-parameter  Fisher 
function (eqn. 2) was confirmed in beech 
stands.  This is  most evident in the detec-
tion  of  gross  errors  in  GSD  in  2002  and 
2003, published in Bucha & Koren (2017). A 
more  accurate  result  of  the  6-parameter 
model  was  confirmed  by  the  comparison 
of  its  output  with ground-based observa-
tions in 2002 and 2003. In addition to the 
above differences, we found that the GSD 
identified with the 6-parameter model oc-
curred  on  average  3  days  later  than  the 
one from the 4-parameter model. This sys-
tematic shift was mainly caused by the low 
constant NDVI value  vmin = 0.4295 used in 
the 4-parameter model of  Bucha & Koren 
(2017).  Tholt (2021) calculated vmin = 0.4671 
in  the comprehensive NDVI  analysis  from 
the spring period 2000-2020. In our study, 
an even higher average value vmin = 0.4805 
was calculated when using the 6-parame-
ter model (Tab. S1 in Supplementary mate-
rial).

There were no substantial differences in 
the GSD of oak between the 6- and 4-pa-
rameter models, except for 2002 when we 
determined DOY 119 compared to DOY 112 
in  Bucha  &  Koren  (2014).  DOY  115  from 
ground-based  observations  lies  between 
the reported values and does not allow us 
to  identify  which  value  is  incorrect.  The 
mean difference between the 4- and 6-pa-
rameter  models  was  -0.9  days,  i.e.,  the 
later GSD was identified with the 6-param-
eter model, similar to beech.

It is worth noting the pitfalls of applying 
the 6-parameter model. In addition to the 
computational  complexity  that  requires  a 
more powerful  computer,  it  is  mainly the 
sensitivity  of  the  6-parameter  model  to 
missing data in the pre-vegetation period. 
This is the period in March and early April 
when  snow  cover  can  occur.  Snow-con-
taminated pixels are usually excluded from 
the analysis by applying a quality layer be-
cause  they  distort  the  NDVI  value.  How-
ever, this causes a lack of data for model-
ling. In our case, this lack of data further 
exacerbates the exclusion of off-nadir im-
ages,  even  in  the  case  of  cloud-free  im-
ages. One possible solution is to combine 
MODIS  with  MERIS  (ESA)  or  Fengyun 
(China) images, which are in a nadir posi-
tion to Slovakia on a given day.

The lack of data is reflected in inadequate 
estimates of  the individual  parameters of 
the Fisher’s function. This leads to unrealis-
tic estimates of the days of onset of indi-
vidual  spring  phenomena,  including  the 
GSD analysed in the study.  In addition to 
the afore-mentioned combining with other 
satellite data, the solution is to define the 
ranges within which the individual parame-
ters of the function can actually lie (Tab. 2).

Note that only NDVI data from DOY 70 to 
200 were used to model the spring phen-
ophases  using Fisher’s  sigmoidal  function 

(eqn. 2). The m2, n2 parameters of the func-
tion  are  critical  for  autumn  phenophases 
and do not affect the estimation of  m1,  n1 

parameters.

Oak spring phenology

Oak GSD and its inter and intra-annual 
variability

The day of leaf unfolding onset (express-
ed as the median of GSD) varied naturally 
with the character of spring weather dur-
ing 2000-2021, ranging from 96 to 124 DOY 
(Fig.  3a).  The average of the medians for 
the  2000-2021  period  was  111.6  DOY.  The 
earliest dates of GSD were recorded in 2014 
and  2009,  when  the  median  for  Slovakia 
was  96  and  104  DOY,  respectively.  The 
most delayed to atypical GSD was observ-
ed in  2021  (124 DOY).  According to SHMI 
meteorological reports, the temperature in 
March  2021  was  normal.  Nevertheless, 
April  was  below  normal  throughout  Slo-
vakia, with prevailingly unsettled and cold 
weather. This weather pattern contrasted 
with the above-average air temperatures in 
April over the past decade. It was related 
to  atypical  circulation  conditions  in  the 
northern hemisphere due to the global cli-
mate change (SHMI 2021).

Intra-annual  GSD  variations  are  mainly 
caused  by  climatic  conditions  resulting 
from  the  elevation  of  oak  stands  and 
weather patterns. There is a strong nonlin-
ear  dependence  between  the  GSD,  ex-
pressed  as  the  arithmetic  mean  of  the 
years 2000-2021, and the elevation with the 
coefficient of determination R2 = 0.48 (Fig.
4a). The dependence shows that there is a 
shift in the GSD of ~0.14 days per 100 m in 
the  100-300  m  elevation  range,  ~1.5  days 
per  100  m  in  the  300-500  m  elevation 
range, and ~2.8 days per 100 m in the 500-
700 m elevation range.

The time span of leaf unfolding onset of 
oak stands was expressed using 5th and 95th 

percentiles (Fig. 3a). The LU lasted shortest 
in 2018 and 2001, only 4 and 5 days, respec-
tively. The short duration of the LU in 2018 
was probably caused by a steep increase in 
air temperatures and an overall  above-av-
erage to extremely warm April.  The long-
est  duration  of  LU  equal  to  23  days  was 
recorded in 2017. According to SHMI clima-
tological analyses, the LU onset in 2017 was 
accompanied by anomalies in weather pat-
terns. The snowfall  in the winter of 2016/ 
2017 was extremely small, especially in the 
southern regions, resulting in a shortage of 
winter water supplies. The March 2017 with 
above-average temperatures, which could 
have ushered spring phenophases earlier, 
was  followed  by  the  cold  and  extremely 
wet April. This may have slowed and pro-
longed spring phenophases. In other years, 
the LU duration varied from 7 to 13 days. 
The average length of the LU for the entire 
study  period  was  10.1  days,  substantially 
shorter  than  the  23.2  days  derived  from 
ground-based  SHMI  observations  (Bucha 
et al. 2022).

Relationship between oak GSD, climatic 
characteristics and trends

Several phenological observations of oak 
in the Carpathian region have shown that 
air temperature is crucial for the onset of 
spring phenophases.  Skvareninová (2008) 
found that the phenological phase of gen-
eral bud burst depended on occurrence of 
average  daily  air  temperatures  exceeding 
5 °C, and on the sum of mean temperatures 
exceeding 5 °C (TS5 = 124.1 °C). For the leaf 
unfolding onset, the temperature sum TS5 
=  222.4  °C.  The  effect  of  temperature  on 
GSD was also demonstrated in our results. 
The analysis of the whole period 2000-2021 
at the national level showed the strongest 
dependence of  the  GSD on the  mean air 
temperature deviation for March-April with 
the coefficient of determination R2 =  0.72 
(Fig.  5a).  The larger  the  positive/negative 
deviation from the normal (1961-1990), the 
earlier/later  the  LU  onset  (expressed  by 
GSD).  The relationship is  linearly  decreas-
ing,  i.e.,  a higher positive air  temperature 
deviation leads to an earlier  GSD. The re-
gression coefficient  in  Fig.  5a  shows that 
the March-April mean air temperature devi-
ation from the normal by +1 °C causes an 
earlier GSD by 4.84 days. The effect of Feb-
ruary  temperature  proved  to  be  insignifi-
cant.

The length of the observed period (2000-
2021) is  sufficient for the statistically  rele-
vant  derivation  of  GSD  trends.  Statistical 
results using the Mann-Kendal test at the 
national  level  showed  a  slight  trend  to-
wards an earlier GSD in oak stands (Tab. 3). 
The rate of change at the national level is -
0.39 days per year (see  the regression co-
efficient for the whole country in  Tab. 4). 
After  dividing the entire set  of  413 pixels 
into 6 categories according to the type of 
trend (downward, upward) and its signifi-
cance (significant, weak, and insignificant), 
we found a significant or a weak trend to-
wards an earlier GSD in 92.7% of oak stands 
(categories 1 and 2 in Tab. 3).

One  of  the  manifestations  of  climate 
change in Slovakia is the increase in aver-
age annual  air  temperature by 1.1  °C over 
the last 100 years (Stastny 2005). The tem-
perature  growth  also  took  place  in  the 
spring months of 2000-2021, as evidenced 
by  the  prevailing  positive  deviations  of 
monthly  average  temperatures  from  the 
long-term normal 1961-1990 shown in  Fig.
5a.  Based on the strong relationships be-
tween GSD and elevation (Fig. 4a) and be-
tween GSD and deviation from reference 
temperatures  (Fig.  5a),  we  conclude  that 
the observed trend of earlier GSD (Fig. 3a, 
Tab. 3) can be explained by the increasing 
temperatures  in  the  spring  months  and 
that warming leads to shifts in the onset of 
spring phenophases of oak stands.

Oak GSD in relation to elevation zones
From a practical perspective, when adapt-

ing a tree species composition to climate 
change,  it  is  critical  to  know  whether 
changes in GSD are uniform across the am-
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plitude of the tree species occurrence. The 
answer for oak was provided by analysing 
the relationship between elevation and the 
shift in GSD (Fig. S5 in Supplementary ma-
terial).  The  relationship  shows  that  the 
trend in the onset of leaf unfolding is not 
uniform.  Oak stands  growing at  different 
elevations respond differently  to changes 
in climatic conditions. The Theil-Sen slope 
shows  a  more  pronounced  shift  towards 
an earlier GSD at lower elevations from 100 
to 500 m a.s.l. Most values range from -0.2 
to -0.65 days per year. At elevations from 
500 to 750 m, the shift towards an earlier 
GSD  is  less  severe.  The  regression  coeffi-
cients vary from -0.1 to -0.45 days per year. 
The 413 data points were widely spread out 
in  the  scatterplot  between  Elevation  and 
TS Slope variables  (Fig.  S5  in  Supplemen-
tary material).

Based on this finding, we divided the set 
of 413 pixels into 3 elevation zones and an-
alysed the response of  the oak stands in 
more detail using the MK test parameters: 
Theil-Sen slope, tau coefficient and p-value 
(Tab. 4). The analysis of the time series in 3 
elevation zones showed a weak declining 
trend,  i.e.,  a  shift  to  an earlier  GSD in  all 
zones (see the negative regression coeffi-
cient for the regression equations in  Tab.
4). This trend was more evident in the 100-
350 m (p = 0.12) and 350-500 m (p = 0.13) 
zones than in the 500-750 m (p = 0.21) ele-
vation zone. The shift to an earlier GSD was 
~0.41 days per year in the first two zones. 
This corresponds to a shift of 8.6 days for 
the entire period 2000-2021.  In  the eleva-
tion zone of 500-750 m, the trend towards 
an earlier onset was milder, ~0.27 days per 
year,  i.e., 5.6 days for the entire analysed 
period.

The findings show that the phenological 
response of oak stands to climate change 
is not linear along the elevation gradient. 
Therefore,  adaptation measures in  Slovak 
forestry practices are recommended to fo-
cus on elevations up to 500 m, where more 
significant changes were observed.

Beech spring phenology

Beech GSD and its inter and intra-annual 
variability

The GSD (median) of beech stands varied 
between  105  and  128  DOY  from  2000  to 
2021  (Fig.  3b).  The  earliest  dates  of  GSD 
were recorded in 2014 (105 DOY) and 2018 
(109 DOY). The latest leaf unfolding onset 
was observed in 2021 (128 DOY). The aver-
age of median values from 2000-2021 was 
117.3 DOY, similar to the value of 116.6 DOY 
obtained by Vitasse & Basler (2013) for the 
European  beech  at  107  sites  in  Germany 
during 1980-2009.

The intra-annual variability of the GSD is 
conditioned by the character of the weath-
er in a given spring season and by the cli-
matic conditions resulting from the eleva-
tion range of 250-1030 m a.s.l., where the 
studied beech stands are located. The time 
span of the onset of leaf unfolding was ex-

pressed by 5-95th percentiles of GSD values 
(Fig.  3b).  The  shortest  time  span  lasted 
only 8 days in 2001. The longest one lasted 
29 days in 2017, varying from 10 to 25 days 
in other years. The average duration of the 
LU  onset  for  the  whole  observed  period 
was 16.8 days (cf.  for oak 10.1  days).  The 
reason for the prolongation of the LU on-
set duration in 2017 might have been the 
interplay of several climatic anomalies de-
scribed above for the oak stands (the cold 
but  dry  winter,  warmer  March  than  the 
long-term  average  and  the  cold  and  ex-
tremely rainy April).

There is  a  strong nonlinear  dependence 
between the GSD, expressed as the arith-
metic mean of years 2000-2021, and eleva-
tion with a coefficient of determination (R2 

= 0.62  – Fig. 4b).  The dependence shows 
that there is a shift in GSD of ~0.9 days per 
100  m  in  the  250-500  m  elevation  range, 
~2.2 days per 100 m in 500-750 m, and ~3.5 
days per 100 m in 750-1000 m. These results 
refine previous findings of phenological ob-
servations of beech stands along the eleva-
tion  gradient  in  Slovakia.  Schieber  et  al. 
(2013) found that in 2007-2011 the pheno-
logical  gradient  of  spring  phenological 
phases  ranged  from  +2.83  to  +3.00  days 
per 100 m. The cited authors used a linear 
relationship between elevation and the on-
set of leaf unfolding. However, a nonlinear 
relationship similar to ours (Fig. 4b) would 
better explain their data.  Popescu & Sofl-
etea (2020) also revealed the nonlinear re-
lationship between the LU onset and eleva-
tion under specific sub-mesothermal condi-
tions  of  beech  stands  in  the  Romanian 
Carpathians.  The shift  of  LU onset  by  1.6 
days in the elevation range 200-700 m and 
by 4.4 days in the range 700-1200 m is very 
close to our results in Slovak Carpathians.

A comparison of GSD of beech and oak 
stands at  elevations of  200-500 m shows 
that the GSD of beech stands occurs 2 to 4 
days later than in oak stands (Fig. 4a,  Fig.
4b).  This may indicate that leaf unfolding 
of beech is more strongly controlled by the 
day length (photoperiod) than that of oak. 
However,  at  an elevation of  700 m a.s.l., 
the GSDs of both species were almost iden-
tical.  Vitasse  et  al.  (2009) demonstrated 
even  more  significant  differences  in  the 
French  Pyrenees.  The  authors  reported 
that the bud burst of beech at low eleva-
tions (below 500 m) started 20 days later 
than in sessile oak, while at high elevations 
(above 1500 m) it started one week earlier. 
In summary, our results are consistent with 
those of Vitasse & Basler (2013), according 
to whom beech can be considered a late-
sprouting species under warm or mild cli-
matic conditions, but not necessarily under 
colder climatic conditions in its range.

Relationship between beech GSD, climatic 
characteristics and trends

The analysis  of  the entire 2000-2021 pe-
riod  at  the  national  level  showed  the 
strongest  dependence  of  GSD  on  the  air 
temperature deviation in March and April 

from the normal  1961-1990,  with a  coeffi-
cient of determination R2 = 0.81 (Fig. 5b). 
The  influence  of  February  temperature 
proved to be insignificant. The relation of 
March and April air temperatures with the 
LU  onset  was  also  found  in  studies  of 
beech  phenology  in  the  Czech  Republic 
(Kolár et al. 2016) and Slovenia (Cufar et al. 
2012,  Vilhar et al.  2018). The deviations of 
March-April  mean  air  temperatures  from 
the long-term normal  1961-1990 shown in 
Fig. 5b are mostly positive, except for one 
more significant negative deviation, which 
corresponds to the atypical year 2021. The 
relationship is linearly decreasing, meaning 
that a higher positive air temperature devi-
ation leads to an earlier  GSD. The regres-
sion coefficient in Fig. 5b shows that the +1 
°C  deviation  of  the  air  temperature  for 
March-April  from  the  long-term  normal 
(1961-1990) leads to an earlier GSD by 3.8 
days. Marchand et al. (2020) indicated that 
the onset of LU is  also influenced by the 
onset  of  leaf  senescence  in  the  previous 
year.  For  a  deeper  understanding  of  the 
earlier LU onset, recent findings (Hongshu-
ang et al. 2021) that warmer temperatures 
during  the  previous  growing  season  be-
tween May and September trigger earlier 
following spring phenology in the Northern 
Hemisphere need to be reviewed.

Based on the relationship between GSD 
and temperature, a change towards an ear-
lier GSD in beech stands would have been 
expected during 2000-2021. However, only 
an insignificant trend was found (Tab. 3) to-
wards an earlier GSD of ~0.08 days per year 
at the national level (see the regression co-
efficient for the entire country in  Tab.  4). 
This  is  a  significantly  different result  than 
for oak stands, which suggests that beech 
stands  are  not  as  sensitive  to  climate 
change  as  oak  stands.  After  dividing  the 
entire  set  of  376  analysed  pixels  into  six 
categories  based  on  the  trend  type  (up-
ward, downward) and its significance (sig-
nificant,  weak,  and  insignificant),  the 
downward  trend  towards  an  earlier  GSD 
was found in 37.8% of pixels representing 
beech stands (categories 1 and 2 in Tab. 3). 
In most pixels, 58.5% (categories 3 and 4 in 
Tab. 3), the trend was not significant,  i.e., 
the analysis did not show a temporal shift 
in  the  onset  of  leaf  unfolding  pheno-
phases.  The  analysis  revealed  an  upward 
trend towards  a  later  GSD in  3.7%  of  the 
pixels. These results do not contradict the 
latest  studies;  Piao et  al.  (2019) reviewed 
that  studies  using  multiple  data  sources 
and methods generally agree on the trend 
of advanced leaf unfolding due to climate 
change,  but  these trends appear  to have 
slowed or even reversed in recent years.

Beech GSD in relation to elevation zones
The  relationship  between  the  elevation 

and  the  shift  in  GSD,  expressed  by  the 
Kendall  Theil-Sen  slope,  shows  that  the 
trend is not uniform (Fig. S5 in Supplemen-
tary material). Beech stands growing at dif-
ferent elevations responded differently to 
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changes  in  climatic  conditions.  Theil-Sen 
slope shows a more pronounced shift to-
wards an earlier  GSD at lower elevations, 
from  ~250  to  ~700  m  a.s.l.  Most  values 
range from 0.0 to -0.4 days per year. At ele-
vations  above  700  m,  the  nature  of  the 
trend changes towards a later GSD and the 
TS slopes vary from 0.0 to +0.4 days per 
year.  As  with  oak,  the  data  points  were 
widely  spread  out  in  the  scatterplot  be-
tween  Elevation  and  TS  Slope  variables. 
However, the dependence on elevation is 
stronger R2 =  0.29 (cf.  R2 =  0.10 for oak). 
The set of 376 pixels was divided into 3 ele-
vation  zones  to  perform  more  detailed 
analyses  using  the  MK  test  parameters: 
Theil-Sen slope, tau coefficient, and p-value 
(Tab. 4). The time series analysis revealed a 
shift towards an earlier GSD in the first and 
second elevation zones (250-500 and 500-
750 m). However, the trend is statistically 
insignificant (p = 0.44 and p = 0.51, respec-
tively). The opposite trend, a shift towards 
a later GSD, was observed in the third alti-
tudinal zone (above 750 m). This trend was 
also statistically insignificant (p = 0.47).

In  contrast  to  our  results,  Cufar  et  al. 
(2012) found  that  the  LU  onset  in  beech 
stands in Slovenia occurred earlier at 1000 
m a.s.l. (by 1.52 days per decade). Insignifi-
cant shifts were observed at lower eleva-
tions. This suggests that differences in the 
onset of spring phenophases are diminish-
ing  along  elevational  gradients.  Similarly, 
an  extensive  climatological  phenological 
study from Switzerland (Vitasse et al. 2018) 
on the  spring  phenophase of  4  tree  spe-
cies, including beech, has shown that glob-
al  warming leads to a unification (loss of 
differences)  of  shifts  in  spring  pheno-
phases  along  elevation  zones.  The  eleva-
tion phenological shift (EPS) in beech sig-
nificantly decreased over time by 30% from 
~28 days  · 1000 m-1 in  1960 to ~17  days  · 
1000 m-1 in 2016.

In line with the mentioned results,  Chen 
et  al.  (2018) hypothesize  that  high eleva-
tion  regions  have  been  warming  faster 
than low elevation regions under the cur-
rent global warming. However, due to the 
lack  of  studies  based  on  long-term  and 
large-scale data, the relationship between 
tree  spring  phenology  and  elevation-de-
pendent  warming  is  unclear.  Our  results 
did not show a statistically significant trend 
in any altitudinal zone for oak or beech. For 
beech, the character of the trend suggests 
an  earlier  GSD  at  lower  elevations  and  a 
later LU onset at higher elevations. In the 
oak case, a shift towards an earlier GSD can 
be observed, more pronounced at lower al-
titudes than at higher altitudes. Thus, there 
is a tendency to increase the difference in 
the  GSD along the  altitude for  both  spe-
cies.  This  is  in  stark  contrast  to  the  re-
ported  findings  of  Cufar  et  al.  (2012),  Vi-
tasse et al.  (2018) and  Chen et al.  (2018). 
Barka et al. (2019), in one of the few mac-
roregional studies of beech stands in Hun-
gary and Slovakia, showed that the shift in 
the onset of spring phenophases is signifi-

cantly influenced not only by elevation but 
also by latitude.

The different responses of oak and beech 
forests to climate change demonstrated in 
our work, together with discussed studies, 
confirm the need for more comprehensive 
macroregional  and  species-specific  analy-
ses to better understand the effects of cli-
mate change on forests and to use the new 
knowledge for forest management.

Conclusion
We analysed species-specific spring phe-

nology  in  Slovakia  using the  land surface 
phenology approach. Based on the derived 
Mann-Kendall  trend  of  the  leaf  unfolding 
onset from MODIS NDVI time series 2000-
2021, we found the shift to an earlier onset 
by  ~8.2  days  for  oak  and  statistically  in-
significant ~1.7 days for beech stands in Slo-
vakia. The extended analyses of the GSD in 
relation to the altitude (3 zones) confirmed 
an  earlier  GSD  in  both  beech  and  oak 
stands  in  all  altitudinal  zones,  except  for 
the beech in the zone above 750 m a.s.l. 
However, the intensity of the change was 
different; a stronger shift to an earlier on-
set was observed at lower altitudes and a 
milder shift was found at the highest zone. 
This  implies  that  forestry  decisions about 
changes in the restoration and target tree 
species composition in management mod-
els should first focus on altitudes up to 500 
m,  where  more  significant  changes  have 
been observed.

The revealed trends of earlier GSD were 
explained by rising temperatures in spring 
months. It  was proved by mainly positive 
air  temperature  deviations  in  March  and 
April  from  the  long-term  normal  of  1961-
1990 and, at the same time, by strong neg-
ative  correlations  between  the  LU  onset 
and  the  mentioned  temperature  devia-
tions. The results showed that oak stands 
reacted to climate change more sensitively 
than beech stands. It implies the need to 
analyse  the  species-specific  response  of 
forests to climate change.

In order to improve the quality of spatio-
temporal  analyses,  several  innovative  ap-
proaches  were  applied  in  modelling  the 
spring phenology development:  (i)  the 6-
parameter  model  of  Fisher’s  sigmoidal 
function allowed to refine the estimation 
of  phenological  curve  parameters.  Com-
pared to the 4-parameter model with con-
stant values of vmin and vamp used in our pre-
viously published studies (Bucha et al. 2011, 
2014, 2017), the difference lies in calculating 
these  parameters  for  each  pixel.  This  re-
finement subsequently led to a more accu-
rate derivation of the day of LU onset of 
the  spring  phenophases;  (ii)  to  speed  up 
the iterative process of the six parameters 
estimation of Fisher’s function (eqn. 2), we 
defined the allowed ranges of values of in-
dividual parameters. These ranges are writ-
ten into the configuration file of the Pheno-
Profile application. The benefit is broader, 
as these values can be used as initial values 
when modelling Fisher’s function in other 

software  applications,  and  thus  can  im-
prove the modelling of the onset of pheno-
phases.

The acquired knowledge about the non-
linear response of tree species to climate 
change determines the direction of further 
research. There is a need to focus research 
on  more  detailed  evaluations  of  relation-
ships between climatic characteristics, and 
spatial (elevational and geographical) vari-
ability  of  changes  in  the  onset  of  spring 
and  autumn  phenophases  according  to 
tree species. In future phenological-climat-
ic  analyses,  it  would  be  interesting  to  in-
volve more detailed climatic characteristics 
on a daily or weekly basis, including precipi-
tation, water balance and the observed in-
crease  of  drought  stress.  A  challenge  is 
also using regional climate datasets based 
on  a  network  of  meteorological  stations 
throughout Europe.
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