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Summary

The comparison of three growing degree days GDD models for the prediction of spring phenology and
calibration of one cooling degree days model for the prediction of autumnal phenological events are
presented. Two Spring Warming models were used. The first one has a fixed beginning of the accumu-
lation of forcing temperatures for the onset of spring phenological events. In the second model, the
beginning of the accumulation is variable, depending on the daylength. Moreover, the parallel GDD
model was tested, and in addition to forcing and daylength, the chilling accumulation was also consid-
ered. The process of leaf senescence and dormancy is modelled like an interaction of short daylength
and low temperature in the autumn phenological model. All four models were calibrated on MODIS
Land Cover Dynamics data with 500 m spatial resolution. The determination of the onset of phenolog-
ical events such as i) Greenup, ii) Mid Greenup, iii) Maturity, iv) Peak, v) Senescence, vi) Mid
Greendown, and vii) Dormancy is derived based on the 2-band Enhanced Vegetation Index EVI2 am-
plitude analysis. This MODIS product provides land surface phenology metrics at a yearly interval from
2001 to 2018. The mask of the forest stands with a dominant representation of beech and oak trees,
within the territory of Slovakia was used. The time series of daily mean temperature for those stands
were derived from E-OBS gridded observational dataset with a resolution of 0.1°. The statistics as
RMSE, MAE, standard error and correlation coefficient were calculated with the aim to compare cali-
brated models. When comparing the GDD models, the day length proved to be an essential factor for
improving the prediction of spring phenology. The higher accuracy achieved in the modelling of spring
phenology compared to the autumn phenological events was confirmed.

Introduction

Spring and autumnal phenological events are closely linked to photosynthetic activities in temperate
deciduous forests and consequently exerts a strong control on various ecological processes. Changes
in spring leaf unfolding as well as in autumnal leaf senescence have significant implications for the
length of the growing season (GARONNA et al. 2014), and hence for ecosystem production (KEENAN et
al. 2014, Pi1ao et al. 2020). Therefore, the prediction of phenological events is an integral part of carbon
cycle models at ecosystem and global scale (RICHARDSON et al. 2013).

The process-based phenological models are preferred in aim of simulating physiological processes and
to yield more realistic predictions of growing season onset dates, contrary to empirical models. The
timing of phenological events reflects a combination of internal settings (genetic) and environmental
drivers (temperature, chilling, and photoperiod). The process-based models are grouped according to
their scope of complexity to integrate the environmental drivers, into three categories (Basler, 2016):

1. models explaining ecodormancy release
2. models explaining the release of endo- and ecodormancy

3. models explaining the whole transition from dormancy induction until bud burst
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The models explaining ecodormancy release are the oldest, accounting for thermal forcing in spring
only and the degree days are used as forcing units. They use linear or sigmoid forcing function (HAN-
NINEN 1990) to calculate the rate of forcing. The onset of the phenological event is identified at the
moment of reaching the forcing requirements.

Currently more and more phenological models include the photoperiod as another explicit driver of
spring and autumn phenology. MELAAS et al. (2016) observed that models for species more common in
southern parts of the eastern part of US broadleaf forest tended to have lower photoperiod thresholds
and higher forcing requirements, while models for more northern species tended to have higher pho-
toperiod thresholds and lower forcing requirements. The spring phenology of the beech (Fagus syl-
vatica) was found to be controlled mainly by photoperiod for populations in southern and lower ele-
vations and temperature for populations in northern and higher elevations (WAREING 1953). MENG et
al. (2021) investigated that photoperiod-enabled models showed improvements in predicting spring
leaf-out in terms of RMSE for six observed deciduous tree species and oak (Quercus robur) showed the
most significant shift in the onset of leaf-out across latitude (1.7 days/°L). Also, for modeling of autumn
phenophases of beech and oak is photoperiod key driver. DELPIERRE et al. (2009) notes, that photoper-
iod is triggering driver of senescence, although its progression is a result of cold temperatures.

The models explaining the release of endo- and ecodormancy are characterized by the inclusion of
chilling requirements into spring phenological models as another driver of spring phenology. The
chilling temperature (daily mean temperature between 0° - 5° C), indicating to the plant that winter
has passed, plays an additional role in dormancy release of temperate and boreal trees. Chilling re-
quirements are species-specific. Sessile oak (Quercus petraea (MATT) LIEBL.) has relatively low chilling
requirements (90 days of chilling at <5° C), although it has higher heat requirements compared to
species such as beech (DANTEC et al. 2014) and contrary, beech is well-known by high chilling require-
ments. Fulfilling chilling requirements during the cold winter and spring leads to lower forcing require-
ments and thus to an earlier onset of spring phenological phases. Visa versa, failure to fulfil the chilling
requirements of buds in dormancy period, during warm end of winter and spring, leads to an increase
in the forcing requirements and thus also later bud burst (FADDEN 2019). Depending on the model’s
assumption regarding chilling and forcing interactions, Sequential, Parallel, Unified, Alternating, Dy-
namic etc. models are differentiated (BASLER 2016).

The models explaining the whole transition from dormancy induction until bud burst are the most
sophisticated ones. The most complex models of this type integrate even the complex interactions of
all three drivers of spring phenology, photoperiod with dormancy induction, chilling, and thermal forc-
ing (CAFFARRA et al. 2011). However, no single model structure was found to predict spring phenology
across different species, so the best predictive models are still species-specific (BASLER 2016).

A large and consistent dataset for model calibration is important to use, as using small sample size and
inconsistent datasets of observations leads to reducing of the phenological models’ accuracy for pre-
diction of phenological events across different vegetation types and regions (WHITE et al. 1997). Satel-
lites data can provide broad coverage of consistent information on vegetation phenology for diverse
ecosystems at various scales and help to calibrate the phenology models. The data of spectroradiom-
eter MODIS are very frequent source for calibrating phenological models. For this purpose, various
characteristics derived from spectral reflectance data have been used, such as vegetation indices
(PEANO et al. 2019), FPAR and LAI (STOckLI et al. 2011). Among the MODIS products, however, there is
also a Land Cover Dynamics product (MCD123Q2), which is specifically aimed at identifying seven phe-
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nological phases during growing season. Fu et al. (2014) use this product for comparison four pheno-
logical models. MELAAS et al. (2013) compared start-of-season metrics between FLUXNET eddy covari-
ance flux measurements and the Green-up phase identified within the MCD12Q2 product. It was found
that the mentioned satellite metric can explain 70 % of the start-of-season variability of FLUXNET met-
rics in the deciduous broadleaf forest (DBF) sites. Specifically, the onset of spring green-up from MODIS
was strongly correlated with 5 % Gross Ecosystem Productivity ratio across DBF sites (r = 0.84; p <
0.01).

However, the exclusive use of satellite metrics is suitable for calibrating models at the level of land
surface phenology, which applies to generalized types of vegetation, such as deciduous broadleaf for-
est, evergreen needleleaf forest, mixed forest, etc., and are therefore not suitable for species-specific
phenological models. MELAAS et al. (2016) recommends using a multiscale modelling approach for the
calibration of such models, which is based on using the advantages of different sources of calibration
data. Phenology data from individual trees provide detailed information regarding the nature and mag-
nitude of within-species variability in phenology, but these patterns are hard to generalize at regional
and larger scales. Satellite data, on the other hand, provide spatially integrated measurements for the
timing of leaf onset over landscapes that include mixtures of species, plant functional types, and land
cover types (KLOSTERMAN et al. 2014). In situ observation networks and remote sensing data can be
used to synergistically calibrate and assess regional parameterizations of phenological models (MELAAS
et al. 2016).

The main objective of this study is the calibration of a species-specific phenological models for beech
(Fagus sylvatica) and oak (Quercus robur and Qercus petraea) tree species to determine the spring and
autumn phenological events. Satellite phenological metrics were used in combination with forest in-
ventory data of Slovakia. The data set and the used calibration procedures are an open system that
has the potential to be extended to the other countries in Europe and temperate zone respectively.
Another aim is the selection of the best spring and autumn prognostic phenological model and its im-
plementation to the process-based Sibyl Lex Eterna model, which is being developed at the Faculty of
Forestry, Technical University in Zvolen.

Material

Study sites of phenological observations are located in central Europe (Figure 1). Locations with a dom-
inant composition of beech (Fagus sylvatica) and oak (Quercus robur and Quercus petraea) tree species
were selected. Their latitudinal gradient of observation sites is around 1°N, longitudinal gradient is
larger than 5°E, and altitudinal gradients are 984 m for beech localities and for oak localities 617 m
respectively (Table 1). Long-term annual mean temperature calculated for period 1990-2019 ranges
between 7.5-11.1°C on oak sites and 6.0-10.9°C on beech sites.

Table 1: Latitudinal, longitudinal, and altitudinal gradient of phenological observation sites

Tree specie Latitude (°N) Longitude (°E) Altitude (m a.s.l.)
Beech 48.21-49.41 17.08-22.53 262-1246
Oak 47.95-48.97 17.04-22.28 159-776

The phenological observations are based on the analysis of the seasonal dynamics of the 2-band En-
hanced Vegetation Index (EVI2), produced by the MODIS spectroradiometer, carried on the Terra and
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Aqua satellites. The start of greenup (PP1-Greenup), greenup midpoint (PP2-MidGreenup), and ma-
turity (PP3-Maturity) dates are retrieved as the first date within the greenup segment where the EVI2
time series crosses 15, 50, and 90 % of the greenup segment EVI2 amplitude (Figure 2). Similarly, start
of senescence (PP5-Senescence), senescence midpoint (PP6-MidGreendown), and dormancy (PP7-
Dormancy) are retrieved as the last date within the greendown segment where the EVI2 time series
crosses 90, 50, and 15 % of the greendown segment EVI2 amplitude (GRAY et al. 2019). Phenological
event named Peak is identified for the period of the growing season when EVI2 reaches its maximum.
Those data are a component of MODIS Land Cover Dynamics product (MCD12Q2), created for period
2001-2018. Spatial resolution of the product is 500 m.
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Figure 1: Sample design of phenological observations for OAK and BEECH forest stands

In order to calibrate the species-specific phenological model, data from the database of forest stands
were used to identify locations with a dominant presence of beech or oak tree species. The territory
of Slovakia was overlaid by a grid with the same distribution as the MCD12Q2 product. Those grid cells
that met the following criteria were selected:

e 100 % of forest cover

e minimum 80 % or larger composition of oak or beech tree species

e stocking 0.7 or larger
A total of 1044 sites (18792 site-year observations) were selected, of which 773 were dominated by
beech and 271 were dominated by oak. Approximately 75 % of the observations was used for calibra-
tion, and 25 % for validation of the models. By analyzing the interannual variability of NDVI within
individual sites, locations with high variability were excluded from the selection. These may represent
sites with a potential occurrence of disturbance events in the forest and were therefore excluded from
the calibration process. Observations at the remaining locations were further subjected to the exclu-
sion of observations with the occurrence of outliers.
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Figure 2: Phenological events determined by EVI2 amplitude analysis within the MODIS Land Cover Dynamics
product

The time series of climatological data for the study sites during the period 2001-2018 was derived
from the E-OBS gridded observational dataset version 25.0 at a 0.1° of Latitude and Longitude spatial
resolution (CORNES et al. 2018).

Methods

Numerous models have been developed to simulate the events of spring phenology, such as bud burst
or leaf unfolding, whereas only few models attempted to simulate the autumnal phases of phenology,
such as leaf colouration and leaf fall (DELPIERRE et al. 2009). Efforts to understand the mechanisms and
major drivers of leaf phenology have been largely placed on leaf unfolding, while for leaf senescence,
relevant studies are fewer (LIU et al. 2020). We tested three models for predicting spring phenological
events and one model for autumnal phenology. Spring phenological models were used to determine
the onset of four phenological phases, Greenup, MidGreenup, Maturity and Peak (PP1-PP4). With the
autumn model, we determined the onset of the MidGreendown and Dormancy phases (PP6-PP7). Se-
nescence (PP5) was not predicted, due to the insufficiency of the selected models. The average onset
of this phenological phase was found in the observations for beech on the 120th day of the year (DOY)
and oak on the DOY 115. These days are part of the summer season; therefore, the use of spring and
autumn models is not satisfactory.

Spring phenological models:

e Warming (MODEL 1)

e  Photo-threshold (MODEL 2)

e  Photo-chilling (MODEL 3)
Autumn phenological model:

e  Cooling-shortening (MODEL 4)

MODEL 1 - Spring warming model

The model is based on accumulation of thermal forcing to evaluate state of forcing (Sf) as a sum of rate
of forcing (R¢) (2), and Rf is computed as a function of air temperature using a logistic function (1)
SARVAS (1974):
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28.4 o
Ry = {1 +exp(34—0.185%x) Eq. 1
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Sf(t) = z Rf(X) Eq.2
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where x is daily mean air temperature, tp is the start DOY when forcing begins to accumulate (set up
to the 1° of January for the warming model), and t is the DOY for the onset of a phenological event,
which occurs when St reaches a prescribed threshold S (t) 2 F*. F* threshold value is parametrized as
linear function of long-term mean annual temperature F* = f(T1990-2019) calculated for period 1990-
2019 and T1s90-2019 is a linear function of longitude, latitude and altitude T1990-2019 = f(LoOn, Lat, Alt) in
our research. MELAAS et al. (2013) used this approach to account for variability in climatology related
to geographic patterns, because thermal forcing required for spring onset is lower at more northern
sites than at southern sites in the Northern Hemisphere.

MODEL 2 - Spring photo-threshold model

Photo-treshold model reflects the knowledge, that daily daylength exceeding some threshold can com-
pensate lack of forcing for onset of phenological events. It is used the same approach to evaluate Sf as
it is in warming model (2) except two differences related to comprising daily daylength (DL) as another
variable for prediction of spring phenology. The forcing process starts at tg, that is flexible DOY when
DL > DLstart, where DLstart is the minimum daily daylength threshold to trigger the forcing process. The
second difference is that spring phenology is predicted to occur not only when forcing accumulation
reaches its threshold (5¢(t) > F*) but also when daylength DL is above a maximum threshold DL > DLend
(MELAAS et al. 2016). Parameters DLstart, DLeng,for beech and oak tree species were taken from MENG et
al. (2021). Daylength was calculated as a function of latitude (L) and day of the year (DOY) using Equa-
tion (FABRIKA u. PRETZSCH 2013).

MODEL 3 - Spring photo-chilling model

The model considers all three main drivers of spring phenology: temperature, chilling, and photoper-
iod. The photo-chilling model was developed from a widely used chilling model, that is, parallel model,
which considers the forcing and chilling processes (HANNINEN 1990), and moreover, a chilling-depend-
ent photoperiod variable Rp to this model was added to adjust the efficiency of forcing accumulation
(MENG et al. 2021).

28.4
> T,
Rr={1+exp(34—0.185+x) ~ ~  base Eq. 3
0 X = Tbase
0 x=1040rx <-34
x+ 3.4 34<x<T
—_— — J. X =
R, = { Topt + 34 opt Eq. 4
x— 104 Topr < x < 10.4
Tope — 10.4 opt S X 25
DL R
R, = I * gt e Eq. 5
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t

S/(6) = ) (Re(x) * Rp(DL,R,)) Eq. 6
t
Se(t) = ) Re() Eq.7

Spring events are predicted to occur when S¢(t) > a.e?*S¢(t), where b < 0; t is the DOY for onset of
phenological event, x is daily mean temperature, DL is daily daylength, To¢ is the optimum temperature
for chilling accumulation, Sf(t) and Sc(t) are the state of forcing and chilling respectively; R (3), R (4),
and R, (5) are the rate of forcing, chilling, and photoperiod respectively. Forcing and chilling accumu-
lation starts at to, that is set up to the 1% of November in the preceding year in this study; Thase is base
temperature (5°C); a, b, ¢, and T,,: are parameters to be calibrated.

MODEL 4 - Autumn cooling-shortening model

The process of leaf senescence (i. e., dormancy induction) is co-triggered by a function of short
daylength DRp and a function of low temperatures DR, and is completed when the state of dormancy
induction DS (8) reaches a critical value DS(t) = D, (LIU et al. 2020):

t t
1 1
DS() = ) DRy * DRy) = ) (e X T B §
to to
where t, is the start date of dormancy induction (fixed to the 1** of September of the current year),
and t is the DOY for the onset of a phenological event; x is daily mean air temperature and DL is daily
daylength; DL, aD,bD and cD are specie-specific function parameters taken from Liu et al. (2020)
derived for two kinds of phenological observations — i) ground-based, ii)satellite-based; and D was
calibrated on calibration sample of MCD12Q2 observations, in case of using the function parameters
derived from satellite-based observations (LIU et al. 2020), D.=f(Altitude) for beech and D.it=f(T1990-
2019) for oak in our study, otherwise D, was calibrated as average of DS(t) of calibrating sample.

Root Mean Square Error (RMSE), Mean Absolute Error (MAE) and Standard Error (SE) were used to
indicate the discrepancies between observed and predicted onsets of phenological events. RMSE indi-
cates overall accuracy of the predictions. MAE indicates bias of the model, and p-value was calculated
to evaluate significance of bias. SE indicates the precision of the predictions. The relation between the
errors describes equation (9). Correlation between observations and predictions was measured by cor-
relation coefficient (R).

RMSE = MAE? + SE? Eq. 9

Results

The first part of results is focused on individual evaluation and mutual comparison of the models for
prediction of onset of spring phenological phases (PP1-PP4) and autumn phenological phases (PP6-
PP7).

Spring warming model brings better predictions of phenological events for oak compared to beech.
Correlation coefficients range between 0.34-0.79 for spring phenology of oak. The highest were corre-
lated predictions with observations of PP2-MidGreendown, the lowest correlation was found out for
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PP4-Peak (Table 2). Similar proportion between phenological phases was observed in modeling of
beech spring phenology, while correlation coefficients are in interval 0.25-0.41. Also, the accuracy of
the warming model was higher for oak than for beech. Within the phenological phases, the difference
between tree species RMSE was from +2.68 days for PP4 to £3.76 days for PP2. Accuracy for spring
phenological models of beech ranges from +8.19 (PP2) — +11.18 days (PP1), for oak from +4.43 (PP2) —
+8.20 days (PP1-Greenup) (Table 2).

The introduction of daylength into the spring photoperiod-threshold model resulted to the significant
increase in correlations for beech and, conversely, a slight decrease of correlation coefficients for oak
spring phenological phases. Exception was PP4, where R increased for both tree species comparing to
warming model (Table 2). The accuracy of the model also increased in all phenological phases for
beech, most significantly in PP1, where RMSE decreased to +8.32 days, which is still the lowest accu-
racy of this model for beech spring phenology. The highest accuracy was found for PP2, RMSE=%6.53
days. Accuracy of modeling of oak spring phenology increased in PP1 and PP4 (the highest RMSE=+7.68
days of the model for oak), and slightly decreased in PP2 (the lowest RMSE=%4.6 days of the model for
oak) and PP3-Maturity (Table 2).

The different use of the daylength in the spring photo-chilling model, comparing to the photo-thresh-
old model, brought an increase in the correlation for all phenological phases and tree species, only at
PP4 the R remained at an unchanged value of 0.37 (Table 2) for oak. Predicted and observed onsets
are most closely correlated for both tree species in PP2 (R=0.60 and 0.78 respectively), the least closely
in PP1 for beech (R=0.40) and in PP4 for oak (R=0.37). Accuracy of the model has stayed almost at the
same level as it is in photo-threshold model, just at PP1 decreased more significant for beech
(RMSE=19.94 days), less significant for oak (RMSE=+17.14 days) (Table 2).

Autumn cooling-shortening model was calibrated for two sets of parameters of Equation (8), i) ground-
based and ii) satellite-based Liu et al. (2020). From the point of view of the power of correlation be-
tween the predicted onset of the autumn phenological phases (PP6-MidGreendown and PP7-Dor-
mancy) and the observed one within the MODIS product MCD12Q2, the parameters derived from
ground-based observations according to Liu et al. (2020) proved to be more appropriate. Correlation
coefficients of the model acquired higher values for both phenological phases and tree species using
these parameters, except the phase PP7 for beech (Table 3). Parameters derived using satellite-based
phenological observations (LiU et al. 2020) endorsed the autumn model for predicting the Dormancy
of beech tree species compared to “ground-based” parameters. Correlation coefficient increased from
0.19t0 0.34. Correlation for both phases was higher for beech in comparison with oak. On the contrary,
the accuracy of autumn phenology modeling for PP6 and PP7 was higher for oak (RMSE=+4.66 and
+4.76 days), for beech RMSE was equal to +6.65 days (PP6) and +7.25 days (PP7) respectively (Table
3).

DVFFA — Sektion Ertragskunde 108 Beitrage zur Jahrestagung 2022



Calibration of phenological models for beech and oak tree species based on MODIS data

Table 2: Evaluation of spring phenological models for Greenup (PP1), MidGreenup (PP2), Maturity (PP3)
and Peak (PP4) (root mean square error RMSE, mean absolute error MAE and standard error SE are
measured in days; p-value indicate significance of MAE; R — correlation coefficient between predictions and
observations, n — validation sample size)

Table 3: Evaluation of autumn phenological model for MidGreendown (PP6), Dormancy (PP7) (Root Mean
Square Error (RMSE), Mean Absolute Error (MAE) and Standard Error (SE) are measured in days; p-value
indicate significance of MAE; R — correlation coefficient between predictions and observations; n —
validation sample size,; satellite-based — parameters used from parametrization of the model on satellite-
based observations (LIU et al. 2020); ground-based — parameters used from parametrization of the model on
ground-based observations (LIU et al. 2020)

Phenological |Tree u Cooling-shortening model (satelfite-based parameters) | Cooling-shortening model (ground-based parameters)

Phase species RMSE |MAE |[p-vake |[SE R RMSE |[MAE |[pvale |SE R

PG Beech |3139 6.89 111 0.000 6.80 0.36 6.65 1.21 0.000 6.54 0.43
QOak 1161 4.74 0.04 0.766 4.74 0.06 4.66 -0.02 0.890 4.66 0.26

—_ Beech |3163 7.25 1.14 0.000 7.16 0.34 7.77 1.28 0.000 7.66 0.19

Oak ]1193 4.39 0.22 0.089 4.39 0.03 4.76 0.29 0.038 4.76 0.12

The different use of the daylength in the spring photo-chilling model, comparing to the photo-thresh-
old model, brought an increase in the correlation for all phenological phases and tree species, only at
PP4 the R remained at an unchanged value of 0.37 (Table 2) for oak. Predicted and observed onsets
are most closely correlated for both tree species in PP2 (R=0.60 and 0.78 respectively), the least closely
in PP1 for beech (R=0.40) and in PP4 for oak (R=0.37). Accuracy of the model has stayed almost at the
same level as it is in photo-threshold model, just at PP1 decreased more significant for beech
(RMSE=19.94 days), less significant for oak (RMSE=+17.14 days) (Table 2).

Autumn cooling-shortening model was calibrated for two sets of parameters of Equation (8), i) ground-
based and ii) satellite-based Liu et al. 2021. From the point of view of the power of correlation between
the predicted onset of the autumn phenological phases (PP6-MidGreendown and PP7-Dormancy) and
the observed one within the MODIS product MCD12Q2, the parameters derived from ground-based
observations according to Liu et al. (2020) proved to be more appropriate. Correlation coefficients of
the model acquired higher values for both phenological phases and tree species using these parame-
ters, except the phase PP7 for beech (Table 3). Parameters derived using satellite-based phenological
observations (LIU et al. 2020) endorsed the autumn model for predicting the Dormancy of beech tree
species compared to “ground-based” parameters. Correlation coefficient increased from 0.19 to 0.34.
Correlation for both phases was higher for beech in comparison with oak. On the contrary, the accu-
racy of autumn phenology modeling for PP6 and PP7 was higher for oak (RMSE=14.66 and +4.76 days),
for beech RMSE was equal to £6.65 days (PP6) and £7.25 days (PP7) respectively (Table 3).
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The best results for modeling the onset of the spring phenological phases of beech were found with
the photo-chilling model (MODEL 3). In case of phenological phases where the p-value of mean average
error MAE does not exceed significant level of 5 % (Table 2), bias was removed from the model by
subtracting the value of MAE from the predicted DOY of onset of the phenological phase. In that case,
the root mean square error RMSE coincides with the standard error SE value, what follows from Equa-

tion (9).
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Figure 3: Statistics of the best choosen phenological models of beech for prediction of spring (PP1-PP4) and
autumn (PP6-PP7) phenological phases (MODEL 3 — Spring photo-chilling, MODEL 4 — Autumn cooling-
shortening)

Predictions of spring phenological phases (PP1-PP4) for beech were higher correlated with the obser-
vations when autumn predictions (Figure 3). The highest correlation was evaluated for PP2 and PP3
(R=0.60), the lowest for PP7 (R=0.34). Precision of predictions is in the range of +6.54 days for PP6 to
19.4 days for PP1 and this error should not be exceeded with 68 % probability. SE of prediction of the
onset of autumn phenological phases (PP6-PP7) was +6.54 days and +7.16 days respectively (Figure 3).

For oak, MODEL 1 proved to be the best model for modeling phenological phases PP1, PP2, and MODEL
3 for phases PP3 and PP4. The precision of these models ranges from SE=+4.4 days for PP2 to SE=+8.2
days for PP1, and correlation coefficients from R=0.37 for PP4 to R=0.79 for PP2 (Figure 4). Predictions
of the onset of autumn phases for oak were poorly correlated with observations, R=0.26 for PP6 and
R=0.12 for PP7. The precision of these models is equal to SE=+4.7 days and +4.8 days respectively
(Figure 4).
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Figure 4: Statistics of the best choosen phenological models of oak for prediction of spring (PP1-PP4) and
autumn (PP6-PP7) phenological phases (MODEL 1 — Spring warming, MODEL 3 — Spring photo-chilling,
MODEL 4 — Autumn cooling-shortening)

Discussion

The results of our study are generally corresponding to the findings reported by BASLER et al. (2016),
that the lowest average prediction errors for spring phenology (leaf unfolding) ranged from +7 to +9
days for the dataset pooled across sites and years. Only in the case of beech and the phenological
phase PP1, the upper limit was exceeded in our study. On the contrary, the prediction error for oak
was lower than 7 days for two of four spring phenological phases.

Inclusion of daylength and chilling requirements (MODEL 2 and 3) improved predictions of spring phe-
nological phases for beech forest stands comparing to warming model (MODEL 1). Warming model
brings comparable results with more complex photo-chilling model for prediction of PP1 and PP2 in
oak forest stands. The stated results correspond to the knowledge of DANTEC et al.(2014), that Sessile
oak (Quercus petraea (MATT.) LIEBL.) has relatively low chilling requirements, although it has higher
heat requirements compared to species such as European Beech (Fagus sylvatica L.) and contrary,
beech is well-known by high chilling requirements.

Autumnal model (MODEL 4) is less sensitive as spring models and its precision is similar or higher. The
autumn phenology prediction error did not exceed two-thirds of the error reported in Liu et al. (2020),
where the same type of model was applied, but the phenological observations were ground-based and
captured a wider latitudinal gradient (entire area of Germany). Therefore, our plan is to verify the
accuracy of the model for different latitudes of the temperate zone or reparametrize the model on
data from a wider latitudinal gradient. The motivation arises from our findings that the use of different
sets of parameters brought relatively significant differences in the results of modelling autumn pheno-
logical phases (PP6-PP7), and in this direction we are open to a new cooperation. Another challenge is
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a more complex validation of phenological models on production processes after their planned con-
nection with the Sibyla Lex Eterna process-based model, which is being developed at the Technical
University in Zvolen.
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