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Phenology of the beech forests in the Western Carpathians from MODIS
for 2000-2015

The present paper introduces a satellite-based approach to the detection of
phenology events in beech forests across Slovakia (the Western Carpathians)
using the MOD/MYDO09 products. Normalized vegetation index (NDVI) was used
for determining the onset of the phenophases in spring and autumn. Double
logistic sigmoid function was applied in order to fit the NDVI profile during the
year. The satellite-derived phenological metrics was based on calculating the
extreme values of the sigmoid function and its derivatives. Between 2000 and
2015, a time-series analysis using the linear regressions models revealed that
the onset of leaf unfolding shifted at a rate of 0.8 day per decade, the onset of
leaf fall was delayed at a rate of 1.9 day per decade, and the growing season
(GS) extended at a rate of 1.1 day per decade. However, at a regional level,
the trends were not found to be statistically significant in either case. Leaf
unfolding/fall was significantly non-linearly delayed/advanced with the in-
crease of altitude (p<0.01). GS duration varied extensively within the region.
Theil-Sen estimation of GS trend revealed the median shift of 1.8 days, the
range of shift being from -7.0 to +12.1 days at the 5-95 % quantile for 2000-
2015. A significant inverse correlation between GS shift and GS length
(p<0.01) was observed. The GS shift was positive in the sites with shorter GS
and negative in the sites with longer GS.
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Introduction

Plant phenology studies the periodical
recurrence of plant life cycle events. The
importance of this traditional science has
recently increased, especially in relation to
climate change. The variations in the onset
of the phenological phases of tree species
are considered reliable indicators of envi-
ronmental change (Menzel 2000). Several
studies have verified the exploitability of
AVHRR satellite data for the analysis of
plant phenology at both trans-regional and
global levels (Zhou et al. 2001, Stockli &
Vidale 2004, Garonna et al. 2014). The con-
ditions for studying forest phenology no-
ticeably improved after launching the Terra
and Aqua satellites (NASA Earth Observa-
tion System Satellites) equipped with the
MODIS spectroradiometer (Moderate Res-

olution Imaging Spectroradiometer). The
instruments collect data in 36 spectral
bands ranging in wavelength from 400 to
1450 nm at spatial resolutions from 250 m
to 1000 m. The instruments capture an
image of the entire Earth within 1-2 days
(Justice et al. 2002). This allows the deriva-
tion of spectral indices for phenological ob-
servations. The most frequently used in-
dices are the normalized difference vegeta-
tion index (NDVI) and the enhanced vege-
tation index (EVI), especially in broadleaf
forests (Kang et al. 2003, Piao et al. 2006,
Beck et al. 2006, Heumann et al. 2007,
Soudami et al. 2008, Hmimina et al. 2013).
The latest research revealed that the com-
bination of multiple indices may improve
the prediction of phenological events (Wu
etal.2014).
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Several approaches are available for mod-
elling the seasonal variability of vegetation
indices (VI), e.g., piecewise logistic func-
tions (Zhang et al. 2003, Ganguly et al.
2010), an inverted parabola equation (Piao
et al. 2006), an adaptive Savitzky-Golay fil-
ter, asymmetric Gaussians function (Ek-
lundh & J6nsson 2015), double logistic sig-
moidal function (Fisher & Mustard 2007,
Soudami et al. 2008) and its modification
(Hmimina et al. 2013).

During the last decade, phenology dy-
namics was analysed at pan-European level
or at the level of European climatic zones
(Stockli & Vidale 2004, Delpierre et al.
2009, Hamunyela et al. 2013, Fu et al. 2014,
Garonna et al. 2014). The research studies
confirmed a general trend of extending
season duration due to its earlier onset and
its later end. However, extensive variations
in this trend were observed within and be-
tween climatic zones and landscape types.

Phenological studies of forest tree spe-
cies in Slovakia have been based on utiliz-
ing long-term ground-based observations
obtained from a network of the phenologi-
cal stations maintained by the Slovak Hy-
drometeorological Institute. Nevertheless,
the observer’s possible bias and the sam-
pling intensity applied are limiting factors
in obtaining reliable data at a lower than
the national level. Therefore, a combina-
tion of MODIS satellite data and phenologi-
cal observations by monitoring sites is de-
sirable and effective for understanding the
processes through which forests respond
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to changing environmental condition. Con-
sequently, the aim of this paper was: (i) to
describe a satellite-based approach to cre-
ating a database for continuous regional
phenological monitoring in deciduous for-
ests including the quality check of selected
images; (i) to propose satellite phenologi-
cal metrics and to derive the onset of
spring and autumn phenophases in beech
stands from the MODIS satellite images for
the period of 2000-2015.

Materials and methods

Study area and data source

The research was conducted in the Slovak
forests with the most important deciduous
species of beech (Fagus sylvatica L.). The
minimum proportion of beech was 40 %
within 250 x 250 m pixels. The proportion
was obtained from the official database of
the Forestry Information System which
contains data at compartment level (NFC
Zvolen - http://gis.nlcsk.org/lgis/). The total
number of analysed pixels of beech stands
was 24,969 covering an area of 156,056 ha
(Fig. 1).

Most of the beech stands extend be-
tween 250 and 1100 m with average in 565
m a.s.l. The altitudinal distribution is illus-
trated in Fig. S1 (Supplementary material).
With regard to climatic conditions, the
average annual temperature ranges from
4.5 to 8.5 °C, the annual precipitation is
from 600 to 1050 mm, and the vegetation
period lasts for 110-180 days.

MODIS product selection

The study was based on the MODo9 and
MYDog products (collection 5). The prod-
ucts represent the spectral surface re-
flectance with a spatial resolution of 250 m
(MOD09GQ, MYD09GQ) and 500 m (MOD-
09GA, MYD09GA). The MOD/MYD09GA
also provides 1-kilometer observation and
geolocation statistics including a quality
assessment (QA) layer.

The products in question had the radio-
metric and atmospheric corrections ap-
plied which eliminated the influence of ab-
sorption and scattering of radiation in the
atmosphere. MODo09 images were ob-
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tained from the archives of USGS (United
State Geological Survey - http://e4ftlo1.cr.
usgs.gov). Despite the potentially adverse
effect of anisotropic reflectance of the
vegetation on the use of MODIS daily prod-
ucts (Ju et al. 2011), we used the MOD/
MYDo9 because of spatial resolution and
the necessity to capture immediate vegeta-
tion dynamics. Undoubtedly, Franch et al.
(2013) claim that the effect of surface an-
isotropy in the red and infrared band of
MODIS data barely influence NDVI estima-
tion, obtaining RMS around 1%.

The MOD/MYD09GQ spectral bands 1 and
2 (centered at 648 nm and 848 nm) were
used to derive the vegetation index NDVI
at 250 m resolution. The “1km Reflectance
Data State QA” layer from MOD/MYD09GA
products was used for describing the qual-
ity of the product, particularly for cloud
cover masking.

The extracted layers were decompressed
and converted into ArcGIS format, subse-
quently transformed into the S-JTSK na-
tional coordinate system and clipped in
order to cover the whole area of Slovakia.
Using the Python programming language,
we automated the retrieval of files from
USGS servers and also partially automated
their pre-processing in ArcGIS.

MODIS quality analysis

Image-level quality assurance

The quality of the assessment of pheno-
logical events is affected by image registra-
tion accuracy. Geolocation accuracy for
MODog is approximately 50 m (10) at nadir
(Wolfe et al. 2002). Moreover, the value of
the spectral reflectance of each pixel is
partly influenced by the spectral properties
of adjacent pixels (Townshend et al. 2000).
This may increase the variability of the re-
flectance values. The pixels on the bound-
ary between forest stands and other land
cover classes were excluded from the anal-
yses in order to minimize the variability of
reflectance values.

Furthermore, we focused on the elimina-
tion of the pixels affected by clouds and
cloud shadows as well as the impact of
image distortions. All MODIS images cover-
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ing the territory of Slovakia were reviewed
at the NASA archive from 2000 to 2015, and
their quality was visually assessed. Cloud-
less or partly cloudy imagery was utilized
for the analyses.

Another criterion for the selection of ap-
propriate images was the satellite position
in relation to Slovakia during data collec-
tion. Since the MODIS tracks are stable
with 16-day repetitions, we could identify
that there were: 6 images in-nadir position
related to Slovakia; 4 images in close-to-
nadir position and 6 images in off-nadir po-
sition. Off-nadir images were completely
excluded from downloading. Thus, we re-
duced the effect of anisotropic reflectance
and achieved the spatial resolution close to
250 m. As the viewing angle increases, the
actual ground pixel size increase continu-
ously off-nadir both in along-track and
along-scan directions (Kristof & Pataki
2009).

Pixel-level quality assurance

In addition to the visual inspection of
image quality, we analysed the “1km Re-
flectance Data State QA” layer present in
the MODO09GA/MYD09GA products. The
dataset enabled us to check the quality of
recorded reflectance at the pixel level. The
quality data of individual pixels are en-
coded as the values of individual bits in a
16-bit integer. MOD/MYD09 product quality
description and an optimal combination of
bit values applied in deciding on the inclu-
sion or exclusion of a pixel in the analysis is
givenin Tab. 1.

Based on the data from the quality
dataset, we selected pixels with the follow-
ing bit values: 8, 72, 76, 136, 140, 200 and
8200. Other pixel values were replaced by
0. Reflectance values (DN values) of the
selected pixels underwent a final quality
analysis. The arithmetic mean of DN values
and standard deviation (SD) were calcu-
lated for each day of an image selected
from the database. A pixel was included in
the analysis if its value ranged within x + 2
SD. The pixels outside this range were
assigned a bit value of o.

After applying the rules for image and
pixel selection, the total of 803 images of

Fig. 1- Beech stands representation > 40
%in 250 x 250 m pixel (dark blue); beech
occurrence in stands (orange); forest
cover (grey — Bucha 1999).
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the MODIS images were used for the analy-
ses of the period 2000-2015.

Constructing a phenological model
Modelling phenology entails predicting
the onset of the main phenological events
through the analysis of NDVI during the
year. NDVI values were calculated from the
MODo9 and MYDo09. The annual develop-
ment of NDVI was modelled on a sigmoidal
logistic curve (Fisher & Mustard 2007 -
eqn.1):
1 1

my—myt

v (t):vmin+vun1p ms—mgt

l+e l+e

where v(t) is NDVI observed at day of year
t; Vmin and V,mp @are parameters correspond-
ing to the minimum value of the vegetation
index (NDVI) and its amplitude; m, and m,
parameters control the shape and slope of
the curve of the ascending (spring) phase,
and m; and m, parameters control the
descending (autumn) phase.

In this study, vmn and v.m, parameters
were not subject to calculation using eqn.
1, but they were used as constants. For
their determination, we first calculated the
average value of NDVI (NDVlag) and its
standard deviation (NDVIsyp) for all decidu-
ous stands with a dominant proportion of
beech. The calculation of minimum NDVI
values included 17 satellite images ob-
tained before the spring vegetation period,
primarily in late March and early April in
order to avoid the contamination of re-
flectance by snow cover. The minimum
value v, was calculated as a difference
NDVla - NDVIswp. The calculation of the
maximum NDVI values utilized 26 images
acquired from late May to late August and
the maximum value vpn.« was derived as
NDVlavg + NDVlsp. The amplitude vamp was
calculated as a difference of Vs and v, IN
this manner, we calculated the values for
beech: vinin = 0.429 and v.m, = 0.497. Calcula-
tion of m, - m, parameters was done sepa-
rately for each pixel with the beech occur-
rence. The extremes of the first and sec-
ond derivatives of the eqgn. 1 were used to
determine the phenological events onset.
The first derivative of the egn. 1 had the
following formula (eqn. 2):

m—m,t

v'(t)=v Th¢ —

m emz—m,t
4
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Tab. 1 - MODo9 product - surface reflectance band quality description. Bold value =
Accepted parameter state. The order at bit combinations starts with the highest bit.

Bit

No. Value Parameter name Bit combination - parameter state
0-1 12 Cloud state 00 - Clear; 01 - Cloudy; 10 - Mixed; 11 - Not
set, assumed clear
2 4 Cloud shadow 1-Yes; 0-No
3-5 81632 Characteristics of land 000 - shallow ocean; 001 - land; 010 - ocean
cover: land/water coast or lake shore; 011 - Shallow inland
water; 100 - ephemeral water; 101 - Deep
inland water; 110 - continental/moderate
ocean; 111 - Deep Ocean
6-7 64128  Aerosol quantity 00 - Climatology; 01 - Low; 10 - Average; 11
- High
8-9 256 512 Cirrus detection 00- None; 01 - Small; 10 - Average; 11 - High
10 1024 Internal cloud algorithm 1 - Cloud; O - No cloud
11 2048 Internal fire algorithm 1 - fire; 0 - No fire
12 4096 Snow/ice 1-Yes; 0 - No
13 8192 Pixel is adjacent to cloud 1 - Yes; 0 - No
14 16384 BRDF Correction 1-Yes; 0 - No
performed
15 32768 Internal snow mask 1 - snow; 0 - No snow

Tab. 2 - Satellite-derived phenological metrics and corresponding vegetative phe-

nophase.
Metrics Phenophase

GAD  Maximum (maximum acceleration) of the second derivative of the function in
the spring phase ~ bud break onset

GSD Extreme of the first derivative of the function in the spring phase (spring
inflection point) ~ leaf unfolding onset

GDD  Minimum (maximum deceleration) of the second derivative of the function in a
spring phase ~ end of leaf unfolding

FMD  Maximum of a phenological curve ~ Full foliage

DAD  Maximum (maximum acceleration) of the second derivative of the function in
an autumn phase ~ leaf yellowing onset

DSD  Extreme of the first derivative of the function in an autumn phase (autumn
inflection point) ~ leaf fall onset

DDD  Minimum (maximum deceleration) of the second derivative of the function in

the autumn phase ~ the end of leaf fall

The second derivative of the phenological
function in eqn. 1is as follows (eqn. 3):

V' (6) =V
mﬁ &M (1= ™)
|: (1+e™ ™'y -
ieZm3—2n14t.( 1 _eml—mﬂ)
(1+e™ ™)

Days of the year (DOY) were assigned to
the extremes (minimum or maximum) of
the first and second derivatives, which

were calculated for each pixel in spring and
autumn. These days form the basis for
satellite-derived phenological metrics (Fig.
2). The relation between ground-based
phenological metrics and the proposed sa-
tellite-derived metrics were evaluated in a
previous study (Pavlendova et al. 2014).
DOYs of onset of particular phenophases
at 21 regional phenological stations of the
Slovak Hydrometeorological Institute were
compared with DOYs derived from MODIS.
Linear regression was used in order to ex-
plain the relations between ground and

Fig. 2 - The typical course of
NDVI values of beech stands
(dots) modelled by the sigmoid 0.9
logistic curve (eqn. 1) with the 08 -

onsets of phenophases. Explana- =
tion of phenological metricsis & 0.7 —
given in the Tab. 2. 06 -

1.0

|

0.5
0.4

I

—FMD

iForest 10: 537-546

200

250

DOY

539

o)
1S
)
wn
[
1
o
L.
©
c
(1}
wn
(%
v
c
.OJ
v
v
o
(]
o0
0
(a0]
|
)
w
v
S
O
L




o)
Lo
)
(7]
[
1
o
L
©
c
(]
7]
[
v
c
‘OJ
v
w
o
(]
o0
0
(a0]
|
-
(%]
v
S
O
L

Bucha T & Koren M - iForest 10: 537-546

satellite phenological observations.

The day of full foliage corresponds to the
maximum value of the phenological func-
tion. The period of the maximal speed cor-
responds with the inflection point (IP) in
spring or autumn phenological phases (Fig.
2). Other significant points of the function
represent the days of maximal acceleration
and maximal deceleration in spring and
autumn phases, and these correspond to
the local extremes of the second derivative
of the sigmoid function.

Statistical evaluation of data

The onset of main phenophases (Tab. 2)
in beech stands was expressed by median
values of the day of the onset for each year
from the period of 2000-2015. Intra-annual
variation was expressed by the 5-95 %
quantile.

The trends in the onset of spring and
autumn phenophases were detected using
the linear regression model during 2000-
2015. The linear trend with the correspond-
ing equation and the coefficient of deter-
mination was included in the graphs. The
statistical significance of the regression
model was tested by the Student’s t-test.

The linear correlation analysis was used in
deriving the relationships between the
onsets of individual phenophases.

Regression analyses were applied in anal-
ysing spatial variation of GSD (DSD) as the
function of altitude, latitude and longitude.
In the spatial analyses, we used the mean
values of the onset of the phenophases
pixel (GSDa., DSD.y) calculated from the
period of 2000-2015 for each pixel.

In order to evaluate GSD and DSD trends
at the pixel level, we utilized the nonpara-
metric Mann-Kendall test (MKT). The test is
based on calculating the Mann-Kendall test
Z statistics, which is a measure of the sig-

nificance of the trend. 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). A more detailed
explanation of MKT is given in Karmeshu
(2012).

The statistical evaluation of the signifi-
cance of the time series trends during
2000-2015 based on MKT was carried out at
two levels: for each pixel and for the whole
region. The results for individual pixels
were put into a table within which the pix-
els, based on the Z statistics score, were
grouped into six categories according to
the nature of the trend (decreasing or
increasing) and its significance (non-signifi-
cant, weakly or moderately significant).
The region-wide features of the trend (Z
statistics) were evaluated as a mean value
of all pixels. In this study, the trend is of
moderate significance (P = 0.90, a = 0.10,
Zo.0s = 1.64) if z > 1.64 (upward trend) or z <
-1.64 (downward trend). If 1 < z < 1.64, we
consider the trend as slightly increasing, or
decreasing if -1.64 < z < -1. If -1 < z < 1, the
trend is deemed insignificant.

The duration of the growing season (GS)
at the region-wide level was calculated for
each year of the period of 2000-2015 as the
difference between the median day of the
onset of leaf fall and the onset of leaf
unfolding, i.e., GS = DSDmed- GSDped . Simple
linear regression was used for an estima-
tion of GS trend between 2000 and 2015 at
the region-wide level.

At the pixel level, an average duration of
GS (GS.vg) for 2000-2015 was calculated as
the arithmetic mean of the differences
between the day of onset of leaf fall and
the onset of leaf unfolding. These differ-
ences were calculated for each pixel and
each year during the period of 2000-2015.

Tab. 3 - Onset of spring and autumn phenophases.

For the evaluation of GS length trend at
pixel level we used the nonparametric
Mann-Kendall test (MKT) in the same way
as for the phenophases. The Theil-Sen
slope and intercept was used in order to
estimate the change in the observations
during the period of 2000-2015.

The growing season shift was calculated
as: Theil-Sen slope x period length (15 years
in this study). GS shift represents a change
of the length of vegetation season in days
during the period of 2000-2015.

Results

The dataset description

In total, 803 of the MODo9 and MYDo9
images from the period of 2000-2015
passed the quality control. Due to cloudi-
ness, not all years and seasons of the year
were evenly covered. The numbers of im-
ages used for the analyses range from 31in
2013 to 81 in 2010, which is considered as a
sufficient number for phenology model-
ling. The description of the dataset in-
cluded into analyses is given in Tab. St
(Supplemetary material).

A leaf unfolding and leaf fall
phenophase

The overview of the onsets of spring and
autumn phenophases of beech stands dur-
ing the period of 2000-2015 is given in Tab.
3.
During the period of 2000-2015, the onset
of leaf unfolding (GSD metrics) changed;
the change chiefly depending on the tem-
perature in late winter and spring. The ear-
liest onset of the phenophase of GSD was
recorded in 2014 the median value being
DOY 106. The latest onset was observed in
2005 and 2010 (DOY 119). The average of
the onset of leaf-unfolding for 2000-2015

o - o~ ™M < n O ~ -] o o - o~ [a2] < n U]
Phenophase Statistics 8 8 8 8 8 8 8 8 8 8 58 §8 8 5 & =S >
o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ <
Median 107 105 95 101 108 107 109 98 98 100 110 107 110 112 88 107 103.9
GAD 5% quantilg 103 93 84 8 99 99 98 82 88 95 101 97 100 108 84 97 94.8
95 % quantile 11 116 116 116 115 119 116 106 115 107 117 113 116 118 99 115 113.4
Length 8 23 32 28 16 20 18 24 27 12 16 16 16 10 15 18 18.7
Median 11 117 110 113 117 119 118 110 114 110 119 116 118 118 106 117 114.6
GSD 5 % quantile 109 108 99 104 112 112 111 104 106 104 114 108 111 115 98 110 107.8
95 % quantile 118 124 122 123 129 130 129 119 126 119 130 123 124 126 119 124 124.1
Length 9 16 23 19 17 18 18 15 20 15 16 15 13 11 21 14 16.3
Median 116 128 122 123 126 132 126 123 128 118 128 125 124 124 120 126 124.3
GDD 5 % quantile 114 120 112 116 119 123 119 112 120 110 120 116 120 120 110 118 116.8
95 % quantile 126 137 132 133 144 144 144 133 141 133 150 137 137 137 139 136 137.7
Length 12 17 20 17 25 21 25 21 21 23 30 21 17 17 29 18 21.1
Median 265 277 277 272 273 281 279 273 265 278 273 283 273 273 273 281 274.8
DAD 5 % quantile 253 260 265 253 263 273 265 253 253 267 257 266 259 257 263 272 261.2
95 % quantile 278 284 286 283 281 286 285 281 277 283 278 289 283 282 283 285 282.8
Length 25 24 21 30 18 13 20 28 24 16 21 23 24 25 20 13 22.1
Median 289 293 299 295 293 296 295 291 289 295 291 301 294 292 299 296 294.3
DSD 5 % quantile 281 282 286 285 287 291 289 283 280 289 283 294 287 283 290 291 286.3
95 % quantile 299 301 314 303 299 300 301 297 295 302 299 306 306 299 311 301 302.1
Length 18 19 28 18 12 9 12 14 15 13 16 12 19 16 21 10 15.8
Median 311 311 319 318 313 311 309 310 311 313 311 319 314 311 324 312 313.6
DDD 5 % quantile 298 298 300 310 305 305 304 304 298 305 302 312 303 300 311 306 303.8
95 % quantile 326 325 350 335 326 318 326 326 326 324 326 335 339 326 350 319 329.8
Length 28 27 50 25 21 13 22 22 28 19 24 23 36 26 39 13 26.9
540 iForest 10: 537-546



was 114.6 days. The range within which the
leaf unfolding of beech stands starts is
expressed by the 5-95 % quantile. The
shortest duration of the GSD phenophase
occurred in 2000, namely 9 days from DOY
109 to 118. The longest duration was ob-
served in 2002, namely 23 days from DOY
99 to 122. The average length of the phe-
nophase for the whole studied period was
16.3 days.

The earliest onset of the phenophase of
leaf fall (DSD metrics) of beech was re-
corded in 2000 and 2008, the median val-
ues in Slovakia being DOY 289. The latest
onset was observed in 2011, namely DOY
301. The average onset of leaf-fall for the
period of 2000-2015 was 294.3 DOY. The
average duration of the leaf fall pheno-
phase was 15.8 days, with the minimum of
9 days in 2005 and the maximum of 28 days
in 2002 expressed by the 5-95 % quantile.

There was a significantly earlier onset of
spring phenophases (GAD = 88, GSD = 106
DOY) in 2014 and a later onset of autumn
phenophases (DSD = 319 DOY) in 2011.
These onsets were caused by exceptionally
warm spring in 2014 and autumn in 2011.
Close relationships between the deviations
of spring (autumn) temperature from long-
term normal and GSD (DSD) onsets are
illustrated in Fig. S2 and Fig. S3 in the Sup-
plementary material.

Time-series analysis
Our analysis based on the linear regres-
sions model at a region-wide level demon-
strated a very slight shift towards a later
onset of the spring and autumn pheno-
phases (see the positive regression coeffi-
cient in the regression equations in Fig. 3).
The trends were not found to be statisti-
cally significant in either case (p > 0.34).
The correlation matrix of the onsets of
individual phenophases (Tab. 4) showed
strong interdependence between spring
phenophases (GAD-GSD and GSD-GDD), as
well as between autumn phenophases
(DAD-DSD and DSD-DDD). Unexpected ne-
gative coefficients between the onset of
spring and autumn events (GAD-DDD and
GSD-DDD) were indicated: later GAD (GSD)
are related to earlier DDD or vice versa ear-
lier GAD (GSD) are related to later DDD.
The results of the statistical evaluation
yielded by the Mann-Kendall trend test at a
regional level have not demonstrated any
trend changes in the onset of phenophases
GSD, DSD and growing season (GS) lengths
(Tab. 5 - the region-wide average).
However, after organizing the whole set
of analysed pixels into six categories based
on the trend pattern (decreasing or in-
creasing) and its significance (insignificant,
slightly and moderately significant), we
found that 16.3 % of the beech stands (Tab.
5 - GSD metrics: category 5 and 6) exhib-
ited a later onset of the spring phenophase
of leaf unfolding. The majority of stands
(79.6 % category 3 and 4) showed no
change in trend. A portion of stands (4.3 %)
manifested a tendency to an earlier onset.
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Fig. 3 - The onsets and trends of spring and autumn phenophases and growing season
length in the period 2000-2015. (GAD): bud break onset; (GSD): leaf unfolding onset;
(GDD): end of leaf unfolding; (GS): growing season; (DAD): leaf yellowing onset;
(DSD): leaf fall onset; (DDD): end of leaf fall.

Tab. 4 - Correlation matrix between the onsets of the phenophases of the period
2000-2015. (*): p<0.05; (¥*): p<0.01; (***): p<0.001.

Correlations GAD GSD GDD DAD DSD DDD
GAD 1 0.88 *** 0.37 0.17 -0.29 -0.62 ¢
GSD - 1 0.75 *** 0.30 -0.17 -0.55 *
GDD - - 1 0.33 -0.02 -0.35

DAD - - - 1 0.74 ** 0.12

DSD - - - - 1 0.73 **
DDD - - - - - 1
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>
=] Tab. 5 - Non-parametric Mann-Kendall Test. Statistical significance and trends in the onset of spring and autumn phenophases and
§ growing season length for the period 2000-2015. (P): Confidence level in %.
o
u . Iy
o Phenophase GSD lSel\glzllf:ance Z-value P(1-a) -cli-:zgiption :fu:;)?:l; % Pixels
=
[ 1 a<0.10 z<-1.64 >90 Moderate downward trend 139 0.6
o 2 0.10 <2 <0.32 -1.64<z<-1 68-90 Weak downward trend 918 3.7
"é 3 0.32<a<1 -1<z<0 0-68 Non-significant trend 6807 27.3
9 GSD 4 0.32<ax<1 0<z<1 0-68 Non-significant trend 13055 52.3
¥ 5 0.10 < @ < 0.32 1<z2<1.64 68-90 Weak upward trend 3287 13.2
8 6 a<0.10 z>1.64 >90 Moderate upward trend 763 3.1
oY) Region-wide average: z = 0.288 |Z| < Zgos=1.64 Non-significant trend 24969 -
.2 1 a<0.10 z<-1.64 >90 Moderate downward trend 85 0.3
= 2 0.10 <2 <0.32 -1.64<z<-1 68-90 Weak downward trend 390 1.6
_'L 3 0.32<a<1 1<z<0 0-68 Non-significant trend 4285 17.2
3 DSD 4 0.32<a<1 0<z<1 0-68 Non-significant trend 12156 48.7
5 5 0.10<a<0.32 1<z<1.64 68-90 Weak upward trend 5145 20.6
L 6 a<0.10 z>1.64 >90 Moderate upward trend 2908 11.6
Region-wide average: z = 0.643 |Z| < Zpos=1.64 Non-significant trend 24969 -
1 a<0.10 z<-1.64 >90 Moderate downward trend 240 1
2 0.10 <2 <0.32 -1.64<z<-1 68-90 Weak downward trend 866 3.5
3 0.32<a<1 -1<z2<0 0-68 Non-significant trend 6690 26.8
(DSS—SGSD) 4 0.32<a<1 0<z<1 0-68 Non-significant trend 12081 48.3
5 0.10 < <0.32 1<2<1.64 68-90 Weak upward trend 3321 13.3
6 a<0.10 z>1.64 >90 Moderate upward trend 1771 71
Region-wide average: z=0.352 |z| < zps=1.64 Non-significant trend 24969
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Fig. 4 - GSD..g (top-left) and DSD..s (top-right) - average values of the onset of leaf-unfolding and leaf-fall for the period of 2000-
2015; GS, (bottom-left) - average duration of the growing season for the period 2000-2015; GS4u (bottom-right) - growing season
shift in days between 2000 and 2015: negative (red) values imply a shift to shorter GS, positive (green) value imply a shift to longer
GS.

With regard to the autumn phenophase
of leaf fall (Tab. 5 - DSD metric), 32.2 % of
beech stands exhibited a tendency to-
wards a later onset of the phenophase (up-
ward trend), whereas a downward trend
was observed in 1.9 % of the stands. For
65.9 % of stands no significant trend was
observed.

Regarding the growing season, 20.4 % of
stands exhibited a tendency towards an in-
creased length (Tab. 5 - GS category 5 and
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6), whereas the downward trend (shorter
GS) was observed in 4.5 % of the stands. At
75.1 % stands, we did not observe any par-
ticular trend.

Spatial and altitudinal aspects of the
onset of phenophases

The maps graphically depicting the spatial
variation of the beginning of leaf unfolding
and leaf fall of beech stands in Slovakia, ex-
pressed as an average value for the period

of 2000-2015, are presented in Fig. 4 (top).
The average duration of the growing sea-
son and the growing season shift are illus-
trated in Fig. 4 (bottom). In order to en-
hance the visual perception, the number of
pixels in all figures was magnified by a me-
dian filter with the dimensions of 3 x 3 pix-
els.

A strong non-linear correlation was re-
vealed between altitude (x) and leaf un-
folding onset (y = the average from the
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Fig. 5 - (Top-left): Relation 145 — . . . . : 320
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period of 2000-2015) with the correlation
index of | = 0.74 (Fig. 5, top-left). The
derived dependence was used for calculat-
ing the altitudinal delay of the onset of
leaf-unfolding (PG, phenological gradient).
There was a PG of 1.9 day between the alti-
tudes of 200 and 400 m a.s.l. The delay of
the onset gradually increased to 2.7 days
between 400 and 600 m, to 3.7 days be-
tween 600 and 800 m, to 4.3 days between
800 and 1000 m, to 5.1 days between 1000
and 1200 m, and to 6 days above 1200 m
a.s.l.

Non-linear dependence with the correla-
tion index of | = 0.29 (Fig. 5, top-right) was
detected between the altitude (x) and the
onset of leaf-fall (y = the average from the
period of 2000-2015). There was no change
in the onset between 200 and 600 ma. s. I.
At the altitudes of 600 and 800 m, a shift
to an earlier onset of leaf-fall of about 1.1
day was observed, between 800 and 1000
m it was 1.7 day, between 1000 and 1200 m
2.7 day, and above 1200 m a.s.l. the shift
was of 3.5 days.

Theil-Sen estimation of the growing sea-
son (GS) trend revealed the average shift
of 1.8 days (median) and a range from -7.0
to +12.1 days at 5-95 % quantile for the
period of 2000-2015. The correlation analy-
sis showed that GS shift depends partly on
altitude (Fig. 5, bottom-left) but largely on
the growing season length with r = -0.33
(Fig. 5, bottom-right). This figure illustrates
that GS shift is +9.7 days in the sites with
155 days of GS length, and merely -2.6 day
in the sites with 195 days of GS length.

The multiple regression analyses of spa-
tial variation of GSD and DSD across the
country revealed a statistically significant

iForest 10: 537-546

400 600 800 1200

Altitude (m)

1000

correlation (p < 0.01) between the onset of
GSD (DSD) and the altitude, latitude, and
longitude. The estimated latitudinal shifts
(delay in onset) were 3.7 (0.83) day per 100
km to the North, the longitudinal shifts
were approximately 0.24 (-0.23) day per
100 km to the East for GSD (DSD) at a
steady altitudinal shift of 1.6 (-0.6) day per
100 m.

Discussion

Comparison with regional phenological
studies

Numerous studies have reported ad-
vanced Northern Hemisphere spring phe-
nology since the 1980s; e.g., the findings
reported by German (Schaber & Badeck
2005) and French research studies (Delpier-
re et al. 2009) predicted a trend for an ear-
lier spring and delayed autumn pheno-
phase onsets in beech and oak forests in
the respective countries. Hamunyela et al.
(2013) observed similar trends in the decid-
uous forests in Western Europe based on
the analysis of the period 2001-2011. Ap-
proximately 62.8 % of pixels have recorded
a negative slope coefficient suggestive of
the shift to an early start of growing sea-
son (SOS) during the period of 2001-2011,
whereas 37.9 % recorded a positive slope
coefficient indicative of the shift to a later
SOS. However, a significance test of the
slope coefficients at 5 % threshold revealed
a negative trend in only 6.3 % of pixels, and
a positive trend in 1.7 %. Fu et al. (2014)
summarized that the results in situ and
NDVI observations both indicated that
spring phenology significantly advanced
during the period of 1982-2011 at an aver-

140 150 160 170 180 190 200 210

Growing Season (day)

age rate of -0.45 days yr” in Central Europe.
However, this trend considerably weak-
ened over the period of 2000-2011; further-
more, opposite trends were observed be-
tween the in situ and NDVI observations.
Based on NDVI AVHRR data in Continental
and Alpine climatic zone in Europe, Garon-
na et al. (2014) revealed the trends to an
earlier start of a season and a later end of a
season. They observed an earlier start of
-1.6 (-0.8) days per decade and a later end
of +2.2 (+0.8) days of a season for a Conti-
nental (Alpine) zone. Similarly, Menzel et
al. (2001) and Studer et al. (2005) discov-
ered that European beech has exhibited
only slight spring phenological shift during
the past 3-4 decades, whereas Vitasse et al.
(2009) observed no significant shift for
beech and hornbeam.

Our results (Fig. 3) showed a later start of
+0.8 days per decade (GSD) and a later end
of +1.9 of the season (DSD); however, the
trends in the onset of leaf-unfolding and
leaf fall were not significant at the region-
wide level. The Mann-Kendall test at pixel
level revealed that 16.3 % of the beech
stands exhibited a later onset of the spring
phenological phase of leaf unfolding.
These outcomes support the latest find-
ings (Fu et al. 2014) of reversal or decelera-
tion of the advanced spring trend in Cen-
tral Europe. This recent reverse trend in
the advancement of spring phenology in
Western and Central Europe is probably
related to the response of early spring
species to the cooling trend in late winter.
Regarding the onset of leaf fall, in our
study (Tab. 5 - DSD metrics), approximately
32.2 % of beech stands exhibited a ten-
dency towards a later onset of the pheno-
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phase. This finding supports the hypothesis
of prolongation of the vegetation period
due to climate change in beech forest ob-
served in a number of European studies
(Menzel et al. 2001, Studer et al. 2005, Sch-
aber & Badeck 2005, Delpierre et al. 2009,
Garonna et al. 2014).

Regarding the altitudinal gradient, our
results are consistent with other regional
studies, e.g., Schieber et al. (2013) during
the period of 2007-2011 discovered that the
phenological gradient for spring pheno-
phases ranged from +2.83 to +3.00 days
per 100 m and from -1.00 to -1.78 days per
100 m for autumn phenological phases.
The duration of the growing season was
about 128 days in the highest sites (1400 m
a.s.l.), and increased to 181 days in the low-
est sites (200 m a.s.l.). The above-men-
tioned researchers used linear relationship
between altitude and the onset of leaf
unfolding and leaf-fall, although non-linear
relationship, similar to ours (Fig. 5, top-
left), would provide a better explanation of
the analysed data.

In addition to the altitudinal gradient, a
significant spatial variability was observed
between spring unfolding and latitude
(delay 3.7 days per 100 km to the North),
which might be explained by the impact of
the warm climate of the Pannonian plate in
the Southern part of the Carpathian Moun-
tains. Towards the North, the influence of
the Pannonian climate weakens and the cli-
mate changes to temperate and cold,
which causes a later GSD onset. An expla-
nation of the latitudinal gradient in autumn
and longitudinal gradients would require a
more detailed analysis with a comprehen-
sive database of bio-climatological data.

With regard to the growing season, in our
study, we discovered slight increases of GS
length mainly as a result of later end of the
season. The region-wide trend was not sig-
nificant (Tab. 5). However, this trend, ex-
pressed at pixel level by GS shift, varied
extensively across the country (Fig. 5 bot-
tom-right). The regression analyses re-
vealed that the GS shift depends on alti-
tude (r = 0.15, p < 0.01). The prolongation
of GS was more significant in higher alti-
tude, namely it was 4.2 day in 1000 m a.s.l.
(on average) compared to 1.4 day in 400 m
a.s.l. (Fig. 5, bottom-left). We observed
even more significant relationship between
GS shift and GS length with r =-0.33 (p <
0.01). The negative regression coefficient
indicates shortening of GS for beech
stands growing in the sites with longer GS
and prolongation of GS for the stands
growing in the sites with shorter GS (Fig. 5,
bottom-right). This may result from
changes of chilling and forcing tempera-
tures (Vitasse & Basler 2013). Beech needs
an adequate period of chilling for the re-
lease of winter dormancy and, and follow-
ing this, an exposure to warm tempera-
tures (forcing temperatures) is needed for
triggering budburst. The number of years
with insufficient chilling temperatures
needed for fully breaking dormancy is likely
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to increase as a result to climate change,
especially at a lower latitude or elevation
and it will result in delayed budburst and
foliation and, consequently, in decreasing
GS. In contrast, in cooler winters at a high
altitude, buds tend to be fully chilled and
the onset dates might thus mostly depend
on forcing temperatures, which have in-
creased, and, consequently, this results in
the prolongation of GS. Several studies
supported this theory, e.g., Cufar et al.
(2012) reported an earlier leaf unfolding
date at high altitudes over the past de-
cades but no significant trend at low alti-
tudes in a beech forests in Slovenia. In
Switzerland (Vitasse et al. 2009), the obser-
vations of beech phenology along an altitu-
dinal range of 200-1440 m a.s.l. manifest
the same consistent pattern: beech popu-
lations inhabiting colder climates (high alti-
tude) have exhibited a greater advance
than populations inhabiting warmer cli-
mates (lower altitude) for the past three
decades.

Phenological modelling approaches

Several approaches were used in order to
determine the onset of phenological
phases and the growing season (GS). Our
study is based on Fisher & Mustard (2007)
definition of the date of leaf unfolding (leaf
fall) as the date on which the sigmoid func-
tion reaches its half-maximum value. The
half-maximum is identified as the steepest
point on the sigmoid, or the maximum of
the first derivative. Hmimina et al. (2013)
show that the inflection points of a model
fitted to a MODIS NDVI time series allow
accurate estimates of the onset of green-
ness in spring and the onset of yellowing in
autumn in deciduous forests (RMSE < one
week). Brandysovd & Bucha (2012) con-
firmed the appropriateness of this ap-
proach in Slovak conditions through com-
paring satellite and terrestrial observation
in five beech stands in the Kremnica Moun-
tains. The onset of leaf unfolding is deter-
mined as the peak of the first derivative of
the phenological function, i.e., the point of
GSD.

Other approaches (Zhang et al. 2003,
Ganguly et al. 2010, Liu et al. 2015) identify
the beginnings of phenological phases
with regard to the change of curvature of
the phenological function. The beginning
and end of the growing season are derived
from the extreme values of curvature. Heu-
mann et al. (2007) define the beginning
and the end of the growing season as 20 %
of the value on the increasing or decreas-
ing section of a phenological curve. Similar-
ly, Beck et al. (2007) determine the onset
of spring leaf unfolding and autumn leaf
fall by a threshold value (25 and 75 %, re-
spectively) on the NDVI amplitude.

All these approaches result in the prolon-
gation of growing season compared to our
GS defined as the difference between DSD
and GSD. Brandysovd & Bucha (2012)
pointed to the shortcomings of these ap-
proaches in the sense of estimation of

beech GS. NDVI increasing value is related
to the grass and shrub layers emerging
before the beech leaf unfolding. Therefore,
we consider Fisher & Mustard (2007) ap-
proach as optimal for the purpose of our
analyses focused on tree component of
beech ecosystems.

Conclusions

The phenological development of the
beech forests was successfully modelled
by means of double logistic sigmoid func-
tion. As also indicated in other studies, the
timing of phenological phases can be effi-
ciently estimated by the analysis of the ex-
treme values of the sigmoid function and
its derivatives.

Our investigation revealed that the onset
of leaf unfolding shifted by 0.8 days per
decade, the onset of leaf fall shifted by 1.9
days per decade towards a later date. How-
ever, the trends were not found to be sta-
tistically significant (p > 0.34) in either case
at region-wide level. The intra-annual varia-
bilities of both phenophase onsets (leaf un-
folding, leaf fall) were statistically signifi-
cantly related to the altitude (p < 0.01).

At the pixel level, the Mann-Kendall test
proved that 16.3 % of the beech stands ex-
hibited a later onset of the spring pheno-
logical phase of leaf unfolding, but only in
3.1% with p < 0.10. With regard to the onset
of leaf fall, 32.2 % of beech stands exhibited
a tendency towards a later onset of the
phenophase; however, merely 11.6 % with p
<o.10.

Regarding the growing season, our study
showed slight increases of GS length (~1.1
days per decade) in the region, mainly due
to later end of the growing season. This
finding supports the hypothesis of prolon-
gation of vegetation period.

The GS length trend varied extensively
within the region. The estimation of the
trend revealed the GS shift 1.8 days (me-
dian) and a range from -7.0 to +12.1 days at
5-95 % quantile for the period of 2000-2015.
We observed a significant inverse correla-
tion between GS shift and GS length (p <
0.01). The shift is positive in the sites with
shorter GS and negative in the sites with
longer GS. This is a new finding which ne-
cessitates further investigation, especially
with regard to the hypothesis claiming that
forcing temperatures predominately drive
phenological variations in beech growing in
the climates with cold winters, whereas
photoperiod and chilling temperatures re-
duce phenological variation in the sites
with mild winters.

The statistically significant relationship
between the onset of spring and autumn
phenophases (GSD and GAD vs. DSD) has
remained unexplained so far.

Finally, our study based on a relatively
small area of Slovakia (49,035 km?*) proved
that the changes in beech leaf phenology
are not uniform, and that they greatly dif-
fer along altitudinal and latitudinal gradi-
ents.

Further modelling of regional phenology

iForest 10: 537-546



development is needed in order to provide
a better explanation of spatial variations of
phenological events, especially if the re-
sults are to be transferred into species
selection practice in forest restoration
(after planned logging or disturbances) in
relation to forest adaptation to climate
change.
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