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Reliable phenological observations are important for studying the response of
trees to climate and climate change. National phenological networks were not
specifically established to monitor tree phenology within forests, yet they are
often used to generalise tree phenological phases at national or regional
scales. Our objective was to investigate whether a phenological monitoring
network using trees in open areas can accurately predict phenology of European beech (Fagus sylvatica L.) located within forests by using two models:
one with correlates of environmental variables and one with interpolated
monthly air temperature and sun hours. The first leaf unfolding, general leaf
colouring and leaf fall dates from 2004 through 2010 were modelled using data
from 47 Slovene National Phenology Network (NPN) stations in open areas and
tested on phenological observations within forests using data from the UNECE
CRLTAP ICP Forests network. Good agreement was found between predicted
and observed first leaf unfolding in the forest, while slightly lower agreement
was detected for general leaf colouring and leaf fall. Suggestions for the improvement of national phenological network are discussed in order to better
predict beech phenology in forest habitats.
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Introduction

The life cycle of many plant and animal
species are triggered by environmental signals, such as temperature and light (Donnelly et al. 2004). As a consequence, any
change in temperature could impact the
phenological phases of both plants and animals, which are therefore very important
indicators of climate change (Tylianakis et
al. 2008). The mean global temperature
has increased over the last decade, as well
as the occurrence of temperature extremes (IPCC 2013). Consequently, shifts of
species’ ranges and phenology were observed in many regions (Menzel et al. 2006,
Bertin 2008, Doi & Katano 2008, Lenoir et
al. 2008, Chen & Xu 2012) with possible important impacts on species interactions.
For instance, different rates in temporal
shifts cause disruptions in plant-animal relationships (Bale et al. 2002, Van Asch &
Visser 2007, Tylianakis et al. 2008, Donnelly
et al. 2011).
To anticipate the effect of climate change

on the phenology of certain species, the reliability of observations from phenological
monitoring is of paramount importance. In
Europe, several long-term phenological
monitoring networks have been established and run by the national meteorological services (Vliet et al. 2003, Menzel et al.
2006). The longest records of direct phenological observations are for the flowering
of cherry trees Prunus jamasakura in Japan
(Aono & Kazui 2008) and for grape harvests in Western Europe (Chuine et al.
2004). In phenological monitoring networks, different plant and animal groups
have been considered, including trees,
lower plants, birds and butterflies (Vliet et
al. 2003, Parmesan 2006). However, phenological observations of tree phenological
phases have proven to be one of the most
effective indicators of the impact of climate change (Donnelly et al. 2004). For instance, leaf unfolding is strongly influenced by temperature (Menzel 2000, Menzel et al. 2006, Cufar et al. 2012) and pho-
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toperiod (Caffarra & Donnelly 2011). Apart
from the global climate change, site characteristics (altitude, slope, aspect etc.) also
have strong influences on temperature and
therefore on the phenology of lower plants
and trees (Pellerin et al. 2012). Altitude has
an inverse relationship with temperature,
and therefore phenological events occur
later at higher altitudes (Dittmar & Elling
2006, Cufar et al. 2012, Pellerin et al. 2012).
In the Northern Hemisphere, sites with
steeper slopes and with south-western aspects become warmer earlier in the season, and consequently, the phenological
events there occur earlier than on northern
slopes (Pellerin et al. 2012). Furthermore,
the effect of local climate is buffered in
forests, e.g., the temperature extremes
measured outside the forest are not so
pronounced within forest stands or in the
canopy (Mildrexler et al. 2011). Consequently, the tree phenology within and
outside forests could be different.
To describe and model the spatial variability of tree phenological phases at national
or regional scales, a phenological monitoring network should maximise the accuracy
of the definitions and techniques used and
the quality of the data (Vliet et al. 2003). Although many national phenological monitoring networks have their phenological
stations equally distributed over altitude,
slope, and aspect, most stations are either
outside the forest or on its edge (Menzel
et al. 2006, Koch et al. 2007). This could
have implications for the observed tree
phenological phases and the generalisations resulting from these observations at
national or regional scales.
iForest 11: 41-47
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Fig. 1 - Phenological stations of the Slovenian National Phenological Network of the
Slovenian Environment Agency (NPN – red cicles) and the Level II phenological monitoring network of the UNECE International Co-operative Programme on Assessment
and Monitoring of Air Pollution Effects on Forests (ICP Forests – blue triangles) in
Slovenia.
Our objective was to evaluate whether
tree phenological phases within forests
can be predicted based on tree phenological phases observed at national phenological stations. To this purpose, we used two
different models to assess first leaf unfolding, general leaf colouring and leaf fall of
European beech (Fagus sylvatica L.) in forests. The models were simple enough to be
applied for the major tree species over a
large range of possible weather conditions:
one model involves correlates of environmental variables and the other model uses
interpolated monthly air temperature and
sun hours. The first model is based on onsite data, readily available in any phenological network but with regionally limited application, while the second model is appropriate for wider application (e.g., regional,
European), but based on interpolated data.
Suggestions for national phenological network improvements are discussed, aiming
to enhance the predictions of tree phenological phases in forests at national or regional scales.

Methods
Phenological observations

We used data on manual phenological observations of the timing of first leaf unfolding, general leaf colouring and leaf fall of
beech in Slovenia. Slovenia is characterised
by fairly large gradients of climatic factors
due to its position between the Alps, the
Mediterranean and continental Europe
(Cufar et al. 2012, Luis et al. 2014). Consequently, a great variety of forest habitats,
from the lowlands to the high mountains,
can be found in the country (Kutnar et al.
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2002). The phenological stations are distributed throughout Slovenia, with altitudes ranging from 55 to 1050 m a.s.l. and
with different site and climatic characteristics (Fig. 1 – see also Tab. S1 and Tab. S2 in
Supplementary material). The period of observation was from 2004 until 2010. The
data originated from two monitoring networks, described below.
(A) The monitoring network of the National Phenological Network of the Slovenian Environment Agency (NPN). The selection of trees and the observations were
made in accordance with national guidelines (Zust 2015), which in general follow
the World Meteorological Organization
(WMO) Guidelines for phenological observations (Koch et al. 2007). Monitoring of
different phenological phases, as suggested for perennial plants, was performed on
individual adult trees in natural populations. The monitored trees were located in
the forest, at forest edge and in open areas. Observations were made at 47 phenological stations on a single tree per station.
If one of the selected trees died or was removed, it was replaced with a nearby tree,
in accordance with the criteria for phenological monitoring. In spring, the observed
period of leaf unfolding and leaf development spans approximately 4 weeks, during
which the observations were carried out
every day. The day of leaf unfolding was
recorded when the first regular leaf surface became visible in 3-4 buds on the observed tree. This phase corresponds to the
Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie code 11
(BBCH11 – Meier 1997). The day of leaf
colouring was recorded when at least 50%

of leaves had turned yellow on the observed tree (BBCH code 94). The day of
leaf fall was recorded when at least 50% of
the leaves had fallen from the tree crown
(BBCH code 95).
(B) The Level II phenological monitoring
network of the UNECE International Co-operative Programme on Assessment and
Monitoring of Air Pollution Effects on Forests (ICP Forests – Fig. 1, blue triangles) in
Slovenia (Vilhar et al. 2013b), where the selection of trees and the observations were
made in accordance with the harmonised
guidelines (Beuker et al. 2010, Vilhar et al.
2013a). Phenological monitoring was performed on 20 individual trees from each of
5 monitoring plots (phenological stations,
75 × 75 m). The assessments were always
performed on the same trees. If one of the
selected trees died or was removed, it was
replaced with a nearby tree, in accordance
with the criteria for phenological monitoring. All the selected trees were dominant
or co-dominant, and the upper part of tree
crowns was monitored using binoculars. If
the upper part of the crown was not visible, the middle part of the crown was monitored. The same part of the crown was
considered for subsequent phenological
observations throughout the observation
years. Biotic (pests and/or diseases) and
abiotic damage (e.g., frost, wind, or hail)
relevant to phenological development of
trees was also considered. The observations during leaf unfolding, leaf colouring
and leaf fall were performed weekly. The
week of leaf unfolding was recorded when
the first regular leaf surface became
slightly visible in up to 33% of the observed
part of the crown. The week of leaf colouring was recorded when coloured leaves in
autumn became abundant in more than
66% of the monitored part of the crown.
The week of leaf fall was recorded when
leaves fell in autumn from the entire (100%)
observed part of the crown.

Analysis

It is worth emphasizing that NPN protocols were not specifically established to
monitor tree phenology within the forest.
Direct comparison of phenological observations from the two monitoring networks
is unfeasible because of differences in spatial distribution of phenological stations
and the number of observed trees per station. Therefore, two different models were
tested to predict first leaf unfolding, general leaf colouring and leaf fall of beech in
forests, using NPN phenological observations as the training dataset and the ICP
Forests phenological observation as validation dataset. To overcome the differences
in the observation time-step of the first
leaf unfolding, general leaf colouring and
leaf fall from the two phenological networks, the week of the year (WOY) was
calculated from the daily phenological observations in the NPN dataset, similarly to
the ICP Forests weekly observation dataset.
iForest 11: 41-47

In order to predict WOY for selected phenological phases, two models with different sets of variables were built based on
the NPN phenological observations data
using a general linear mixed model
(GLMM):
• Model 1 was developed based on correlates of environmental variables at the
NPN stations: altitude, slope (square root
transformed), aspect (N: north; NE:
north-east; E: east; SE: south-east; S:
south; SW: south-west; W: west; and NW:
north-west) and year (2004 to 2010).
• Model 2 included the following independent variables: interpolated moving average of air temperature and number of
sun hours (one, two or three months) at
the NPN stations based on gridded meteorological data at 1 km resolution (Dolinar
2016). The months refer to the months
before and the month during the phenological phase.
Model selection was performed as follows: for each of the models (model 1 and
model 2) all combinations of the selected
variables in a model were built. The Akaike
Information Criterion (AIC) was used to select the best model (Burnham & Anderson
2002), and the combinations of variables
that were within four units of the AIC from
the best performing combination of variables were averaged to one final model. As
there were more phenological observations in each station, the station code was
included in the GLMM as a random effect.
For the predictions of the phenological
phases in forests, final models 1 and 2 were
run using the data of the ICP Forests stations on slope, altitude, aspect, and observation year (model 1) or interpolated average monthly temperature and number of
sun hours (model 2). The tree number (1 to
20) was nested into the ICP Forests station
and included as a random effect. The predicted WOY of models for the phenological
phases in forests were compared with the
observed WOY of ICP Forests data using
another GLMM. Models predictions were
also compared to the NPN dataset to test
the robustness of the models.
The performance of the models was evaluated based on the following statistics: R2;
Pearson correlation coefficient (r), which
describes the degree of correspondence
between observed and predicted values;
index of agreement (D), which is a descriptive measure of relative error; and the root
mean square error (RMSE), which expresses the error between the observed
and predicted values (Thompson 1999). By
comparing the indices (R2, r, D, RMSE) of
the models 1 and 2, which predict phenological phases at NPN stations and in forests, respectively, we can evaluate how
well the NPN data can predict tree phenological phases in forests.

Tab. 1 - Independent variables included in model 1 explaining the first leaf unfolding,
general leaf colouring and leaf fall in European beech at the NPN phenological stations from 2004-2010. The estimates were averaged from the models that were four
Akaike Information Criterion (AIC) units from the best model. The classes were com pared with the first class in the variable (year=2004; aspect=East). Slope was square
root transformed. (WOY): week of the year; (SE): standard error.
Dependent
variable
First leaf
unfolding
(WOY)

General leaf
colouring
(WOY)

Leaf fall
(WOY)

Independent
variable
(Intercept)
year: 2005
year: 2006
year: 2007
year: 2008
year: 2009
year: 2010
altitude
sqrt(slope)
(Intercept)
year: 2005
year: 2006
year: 2007
year: 2008
year: 2009
year: 2010
aspect: flat
aspect: N
aspect: NE
aspect: NW
aspect: S
aspect: SE
aspect: SW
aspect: W
sqrt(slope)
(Intercept)
year: 2005
year: 2006
year: 2007
year: 2008
year: 2009
year: 2010
aspect: flat
aspect: N
aspect: NE
aspect: NW
aspect: S
aspect: SE
aspect: SW
aspect: W

Estimate
16.16
0.15
-0.13
-2.19
-1.15
-1.69
-0.40
0.00
-0.10
42.16
0.01
0.31
-1.82
-1.59
-0.22
-0.49
-0.74
-1.19
0.71
-0.30
-1.26
-0.60
-0.12
-0.24
0.11
43.63
0.00
0.54
-1.26
-1.26
0.44
-0.22
-0.31
-0.44
1.28
0.15
-0.66
0.39
0.45
-0.08

recorded in the 16th week of the year (16.4
WOY, mid-April). The earliest first leaf unfolding was recorded in 2007 (14.9 WOY),
while the latest in 2005 (17.2 WOY). For
model 1, the first leaf unfolding showed
high positive correlation with altitude in all
models (weight Wi = 1.00 – Tab. 1). A trend
was detected between the slope and the
date of first leaf unfolding, though it was
non-significant and has been found only in
a few models (Wi = 0.21). The year of observation was an important variable explaining the date of leaf unfolding in all models
(Wi = 1.00). For model 2, the first leaf unResults
folding showed high negative correlation
with the average temperature from the
First leaf unfolding
months February, March and April (Wi = 1)
On average, the first leaf unfolding was and the number of sun hours in April (Wi =
iForest 11: 41-47

SE
0.24
0.13
0.13
0.13
0.14
0.13
0.13
0.00
0.05
0.42
0.21
0.21
0.22
0.27
0.22
0.23
0.64
0.62
0.76
0.74
0.55
0.60
0.69
0.57
0.12
0.25
0.19
0.19
0.24
0.27
0.20
0.21
0.58
0.58
0.7
0.67
0.5
0.54
0.63
0.52

Adjusted
z
SE
value
0.24
66.54
0.13
1.14
0.13
0.98
0.13
16.84
0.14
8.40
0.13
12.81
0.13
2.97
0.00
5.64
0.06
1.84
0.43
99.05
0.21
0.07
0.21
1.49
0.22
8.20
0.27
5.94
0.22
1.01
0.23
2.17
0.66
1.12
0.64
1.85
0.78
0.91
0.76
0.39
0.57
2.22
0.62
0.97
0.71
0.18
0.59
0.41
0.13
0.89
0.25
174.74
0.19
0.03
0.19
2.80
0.24
5.14
0.27
4.64
0.20
2.16
0.21
1.06
0.60
0.51
0.60
0.75
0.72
1.78
0.70
0.22
0.52
1.26
0.56
0.69
0.65
0.70
0.54
0.14

Pr(>|z|)
<0.001
0.250
0.327
<0.001
<0.001
<0.001
0.003
<0.001
0.066
<0.001
0.944
0.136
<0.001
<0.001
0.314
0.030
0.263
0.065
0.363
0.693
0.027
0.332
0.861
0.684
0.372
<0.001
0.980
0.005
<0.001
<0.001
0.031
0.289
0.607
0.455
0.075
0.825
0.206
0.488
0.486
0.885

0.28 – Tab. 2). As expected, both models
predicted well the date of first leaf unfolding in open areas (Tab. 3). Predictions of
the date of first leaf unfolding in the forest
were slightly better by model 2 compared
to model 1 (Fig. 2, Tab. 3) with relatively
higher R2 (0.45 vs. 0.40 for model 2 vs.
model 1, respectively), higher r (0.78 vs.
0.63) and lower D (0.75 vs. 0.70, respectively). The RMSE between the observed
and predicted first leaf unfolding in the forest was similar for both models (1.1 WOY).
Furthermore, there were no significant differences between the observed date of
first leaf unfolding in the forest and model
predictions (for model 1: t = 0.344, P =
0.731; for model 2: t = -0.912, P = 0.362).
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Tab. 2 – Independent variables included in model 2 explaining the first leaf unfolding, general leaf colouring and leaf fall of Euro pean beech at the NPN phenological stations from 2004-2010. The estimates were averaged from the models that were four Akaike
Information Criterion (AIC) units from the best model. (WOY): week of the year; (SE): standard error.
Dependent
Independent variable
variable
First leaf
(Intercept)
unfolding (WOY) Average temperature in April, March and February
No of sun hours in April
General leaf
(Intercept)
colouring (WOY) Average temperature in September and October
Leaf fall (WOY) (Intercept)
Average temperature in September

Estimate
19.58
-0.55
-0.004
36.46
0.43
37.91
0.39

Std.
Error
0.21
0.04
0.001
0.64
0.05
0.67
0.04

Adjusted
SE
0.21
0.04
0.001
386.00
386.00
208.00
208.00

Z
value
93.67
12.35
3.56
56.80
8.62
56.84
8.66

Pr(>|z|)
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Tab. 3 - Performance assessment of model 1 and model 2 based on R2, Pearson correlation coefficient (r), index of agreement (D)
and the root mean square error (RMSE) between model predictions and observed phenological phases in European beech at phe nological stations (NPN) and in the forest (ICP Forests). (WOY): week of the year.
Phenological
phases
First leaf
unfolding
General leaf
colouring
Leaf fall

R2

Model
Model
Model
Model
Model
Model
Model

1
2
1
2
1
2

Fig. 2 - Comparison between the predicted and
observed week of the
year (WOY) of the phenological phases in European beech at phenological stations in the forest
(ICP Forests). (a) First
leaf unfolding date; (b)
general leaf colouring
date; (c) leaf fall date; (*):
P<0.05; (**): P<0.01;
(***): P<0.001.
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NPN
0.56
0.68
0.33
0.50
0.31
0.61

r
ICP Forests
0.40
0.45
-1.12
0.15
0.23
-0.12

NPN
0.77
0.83
0.58
0.71
0.56
0.80

D
ICP Forests
0.63
0.78
0.20
0.60
0.51
0.63

NPN
0.85
0.89
0.70
0.79
0.66
0.86

RMSE (WOY)
ICP Forests
0.75
0.70
0.47
0.54
0.66
0.57

NPN
0.8
0.7
1.3
1.2
1.2
0.9

ICP Forests
1.1
1.1
1.8
1.6
1.4
1.6

General leaf colouring

On average, the general leaf colouring
was recorded in the 41st week (41.4 WOY –
early October). In model 1, the general leaf
colouring was highly influenced by the year
of observation (Wi = 1 – Tab. 1). The earliest date of leaf colouring was observed in
2007 (40.0 WOY), while the latest was observed in 2006 (42.2 WOY). Aspect was another important variable explaining general leaf colouring, but contributed little to
the averaged model (Wi = 0.52 – Tab. 1). In
general, the earliest leaf colouring occurred at stations with southern aspect
(40.7 WOY), while it was latest at stations
with a north-eastern aspect (42.8 WOY).
The general leaf colouring was not significantly related to the slope (z = 0.893, P =
0.372), and did not contribute significantly
to the averaged model (Wi = 0.07). For
model 2, the general leaf colouring showed
positive correlation to average monthly
temperature in September and October
(Tab. 2). Both models satisfactorily predicted general leaf colouring dates in open
areas (Tab. 3), with slightly better predictions for model 2 compared to model 1.
However, the fit was lower compared to
the first leaf unfolding. The leaf colouring
in the forest was not predicted satisfactorily by model 1 (Tab. 3). The difference between the predicted general leaf colouring
in forest by model 1 and that observed was
not statistically significant (t = 0.515, P =
0.607). Model 2 predictions were better
compared to model 1, but still not satisfactory (Tab. 3). Model 2 predicted the leaf
colouring in forest later than it was observed (t = 17.48, P < 0.001 – Fig. 2b).
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Leaf fall

On average, the leaf fall started at the
43th week of the year (43.46 WOY, late October). In model 1, the leaf fall was strongly
affected by the year of observation (Wi = 1
– Tab. 1). The earliest leaf fall was in 2007,
occurring in the 41st week (41.95), while the
latest was in 2009 (43.95 WOY). The earliest leaf fall dates were at the stations with
southern aspects in the 42 nd week (42.77
WOY). The latest leaf fall was at the stations with north-eastern aspects (44.83
WOY). Leaf fall at phenological stations
with an eastern aspect was later when
compared to either flat areas or other aspects, though not significantly different.
However, aspect scarcely contributed to
the averaged model (Wi = 0.22). For model
2, the leaf fall date showed a positive correlation to the average temperature in September (Tab. 2).
Both models satisfactorily predicted leaf
fall in open areas (Tab. 3), with better predictions for model 2 compared to model 1.
However, the fit was lower compared to
the first leaf unfolding. The leaf fall in the
forest was satisfactorily predicted by model 1 (Tab. 3). However, model 1 predictions
of leaf fall in the forest were earlier than
that observed (t = -8.287, P < 0.001). Model
2 predictions of leaf fall in the forest were
worse compared to model 1 and unsatisfactory (Tab. 3). Model 2 predicted leaf fall in
the forest even earlier than model 1 (t =
-31.94, P < 0.001 – Fig. 2c).

Discussion

Beech phenology is generally considered
to be less sensitive to environmental variability than some other tree species (Estrella & Menzel 2006, Davi et al. 2011, Vitasse et al. 2011). This study demonstrates
that first leaf unfolding dates in beech can
be satisfactorily predicted based on tree
phenological phases observed at national
phenological stations. For general leaf colouring the predictions were not satisfactory, whereas for the leaf fall only predictions of the model using correlates of environmental variables at phenological stations were satisfactory; however, the fit
was lower compared to the first leaf unfolding.
First leaf unfolding in beech is strongly related to temperature (Menzel 2000, Menzel et al. 2006) and photoperiod (Caffarra
& Donnelly 2011). It seems to be less sensitive to micro-topographical factors, as reported by Davi et al. (2011) in France where
the first leaf unfolding of beech did not significantly differ between northern and
southern aspects in 2007, though showing
a high year-to-year variability. This suggests
that factors at a macroecological scale,
such as altitude, are mainly affecting the
beech first leaf unfolding (Cufar et al.
2012). The results of this study show that
first leaf unfolding of beech in forest habitats could be predicted based on phenological observations at national phenological stations. The developed model, based
iForest 11: 41-47

on interpolated monthly air temperature
and sun hours, allows application over a
large range of possible weather conditions
(e.g., regional, European). Nevertheless,
when only on-site data on environmental
correlates at phenological stations are
available (e.g., altitude, slope, aspect), regionally-limited but satisfactory predictions
of first leaf unfolding of beech in forest
could be expected.
In contrast to first leaf unfolding, the environmental factors driving autumn phenological events, such as leaf colouring or leaf
fall, are less well understood (Delpierre et
al. 2009, Lebourgeois et al. 2010, Vitasse et
al. 2011). The main drivers of general leaf
colouring of beech are supposed to be
both photoperiod and low temperatures,
contributing to the smaller year-to-year
variability observed (Dufrene et al. 2005,
Vitasse et al. 2011). The results of this
study, however, indicate a high sensitivity
of general leaf colouring to the year of observation. General leaf colouring of beech
in forests could not be satisfactorily predicted by any of the models applied. Predictions of the model based on interpolated monthly air temperature and sun
hours at phenological stations were slightly better compared to predictions of the
model based on environmental correlates;
however, the predicted leaf colouring in
forest was later than that observed. One of
the reasons might be the difficulty to accurately acquire leaf senescence observations (Estrella & Menzel 2006). Indeed, the
phenological phase “leaf colouring” is obviously more problematic to be recognised
than the first three green leaves in spring,
as the definition refers to 50% of all coloured leaves, including leaves both on
branches and on the ground. The variation
among individual trees at comparable or
identical sites is much higher than in first
leaf unfolding. Moreover, in this study local
site conditions at phenological stations related to soil properties and radiation were
not undertaken due to the lack of relevant
auxiliary data.
The leaf fall in the forest was satisfactorily predicted only by the model based on
site-dependent environmental correlates,
revealing a weak sensitivity to site aspect.
However, leaf fall in the forest was predicted to occur 1.4 WOY (about 10 days)
later than that observed. Nonetheless, our
results show that beech leaf fall in forest
habitats could be predicted based on phenological observations at national phenological stations using the model based on
environmental correlates at phenological
stations (e.g., altitude, slope, aspect). Contrastingly, predictions of the model based
on interpolated monthly air temperature
and hours of sun were not satisfactory,
though they could be improved by on-site
measurements of climatic data (e.g., air
temperature, solar radiation, etc. – Vilhar
et al. 2014).
Further factors affecting predictions of
beech phenology in forests can be ex-

plained by the two phenological networks
and protocols which were different in
several features. First, the phenological
phases of the NPN network were recorded
daily, and the whole tree crown was monitored (Koch et al. 2007). In contrast, the
phenological phases of the ICP Forests network were monitored weekly, and only the
upper or middle part of the crown was observed (Beuker et al. 2010). In this study,
the differences in the observation timestep were overcome by synchronising the
observations through WOY. Another difference between the NPN and the ICP Forests
datasets was the number of trees observed per phenological station. In the
NPN network, monitoring of different phenological phases is performed on a single
tree, whereas 20 trees are observed in the
ICP Forests stations. Our results show a
large variation in the weekf of the year
(WOY) observed for the trees within the
ICP Forests station for the phenological
phases investigated. Thus, the NPN network reflects the phenological behaviour
of a single tree, which may not be necessarily representative of the larger region
surrounding the phenological station, as
suggested by the national Guidelines for
Phenological Observations (Zust 2015). Vitasse et al. (2009) reported high variation
in the sensitivity to temperature of beech
leaf phenology within populations. On the
other hand, the phenological observations
from 20 trees at the ICP Forests stations
are likely to better represent the phenology of the local tree population. Another
important difference between the monitoring networks were the local site characteristics of the phenological stations. Indeed, the NPN phenological monitoring
network uses trees in open areas and on
the forest edge, whereas ICP Forests monitors trees within forest stands in larger forest complexes. Due to the direct influence
of open-field temperatures and solar radiation in open areas or at forest edges
(Morecroft et al. 1998) and less pronounced temperature extremes within forest stands or in the canopy (Mildrexler et
al. 2011), lower agreement between beech
phenology at phenological stations in open
areas or in the forest would be expected.
Interestingly, the differences between
the phenological observations in forests
and the model predictions were not consistent among phenological phases and years.
High inter-annual variation in beech phenology has been reported by several authors (Lopez et al. 2008, Davi et al. 2011).
As beech shows a high phenotypic plasticity in leaf phenology, it reacts directly to
temperature changes (Vitasse et al. 2010),
which could be reflected in changes in the
phenological phases among years. However, the inter-annual differences in the
phenological observations in forests and
the model predictions could be due to inaccurate prediction by model 1. In Sweden,
inter-annual variation in tree phenology
was also modelled for different bioclimatic
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regions (Olsson et al. 2013), with most of Hartley S, Jones TH, Lindroth RL, Press MC, rs/site_media/static/presentations/day_2/4/GEO
the models inaccurately predicting the in- Symrnioudis I, Watt AD, Whittaker JB (2002). MLA2016_Dolinar.pdf
ter-annual variation. In this study, the com- Herbivory in global climate change research: Donnelly A, Jones M, Sweeney J (2004). A
bination of local site characteristics (e.g., direct effects of rising temperature on insect review of indicators of climate change for use
weather, temperature) with differences herbivores. Global Change Biology 8: 1-16. - doi: in Ireland. International Journal of Biometeoamong beech provenances across sites 10.1046/j.1365-2486.2002.00451.x
rology 49: 1-12. - doi: 10.1007/s00484-004-0215-5
could partially account for the unsatisfac- Bertin RI (2008). Plant phenology and distribu- Donnelly A, Caffarra A, O’Neill B (2011). A review
tory predictions of the model and the varia- tion in relation to recent climate change. The of climate-driven mismatches between interdetion of phenological observations among Journal of the Torrey Botanical Society 135: 126- pendent phenophases in terrestrial and aquatic
years.
146. - doi: 10.3159/07-RP-035R.1
ecosystems. International Journal of Biometeo-

Conclusions

This study shows that the models satisfactorily predicted the first leaf unfolding
and leaf fall dates of beech in selected forest habitats, while general leaf colouring
was less accurately predicted. Especially in
areas with complex terrain, models are
prone to incorrectly predict phenological
phases (Olsson et al. 2013). Therefore, we
recommend combining ICP Forests and
NPN methodologies to improve the national phenological network. First, more
trees should be monitored per phenological station to decrease the effect of individual variability on the phenological assessment. Second, observations should be carried out every day to improve the temporal
resolution of datasets. Third, the forest
phenological stations should be more
evenly distributed along the altitudinal
range of the natural forest habitats of the
tree species under study. Finally, measurement of climatic data should be performed
at phenological stations established in
complex terrains to overcome the limitations of spatial interpolated data. The results of the models presented in this study
could also be tested on other tree species
at a larger scale.
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