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Background and purpose: The purpose of this study was to assess the structural and functonal propertes of common
beech forest ecosystems in Croata across a wide macro-climatc gradient (Mediterranean, Alpine and Contnental) and to
gain insight into the ways they adapt to progressing short-term climatc extremes and anomalies.

Material and Methods: Research was undertaken by integraton of the expert based, country scale typological delineaton
of 13 beech ecosystem types, climatc and topographic grids and indices of ecosystem performances such as the JRC FAPAR
(Fracton of Absorbed Photosynthetcally Actve Radiaton).

Results: This study reveals preferental environmental conditons for beech ecosystem types together with limitng
conditons in three margins of the beech distributon area: highest alttudinal zone, south-eastern contnental Pannonian
zone and the Mediterranean. The results show that the common beech can adapt to a very wide range of environmental
conditons: annual mean temperatures from 2.1°C to 13.5°C, annual precipitaton from 739 mm to 3444 mm, and alttudinal
range from 20.3 m up to 1576 m above sea level. FAPAR reveals some new insight into the adaptve potental and response
mechanisms of the common beech to emerging climate change.

Conclusion: The common beech has great potental to adapt to increasing spring warming by a preterm shif of phenology
onset and retain relatvely stable productvity during the phenology peak in July and August, unrelated to external climatc
forcing. These fndings indicate that the fexibility of phenological tming, especially during springtme, present one of the
important mechanisms of adaptaton and resilience of the common beech.

Keywords: Common beech (Fagus sylvatca L.), JRC FAPAR, environmental limits, adaptaton, resilience, climate change

inTRODUCTION

The common or European beech (Fagus sylvatca L.) is one
of the major forest trees in the mountain regions of Europe with
an approximated coverage of slightly more than 217,000 km?,
which is less than one third of the potental beech forest cover
of approximately 907,000 km? according to Bohn et al. [1]. It
has an extremely broad climatc and edaphic amplitude, ranging
from the southern regions of the Baltc States to Sicily and
from Southern England, Britany in France, and the Cantabrians
in Spain to the lowlands in north eastern Poland, east of the

Carpathians in Moldavia EEA 2007 [2]. Penetraton of the beech
above the current range of distributon is limited mainly by
climatc conditons. A growing season that is too short, low winter
temperatures and late frost in spring limits beech distributon
at its northern and eastern boundaries and high alttudes [3].
On the other hand, water defciency limits beech spread to
the southern Europe and Mediterranean. The beech gradually
expanded in response to the local climate, atmosphere and soils
since the last glaciers receded over 10,000 years ago. However,
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climate change and intensifcaton of extreme climatc conditons
(droughts) are predicted to lead to a drastc reducton in suitable
sites for the beech. Regarding the stands in their current zonal
positon, 56-96% of present day beech forests might be outside
their present bioclimatc niche by 2050 [4] mainly in the South of
France, Italy and the Balkan Peninsula [5]. Climatc factors limit
the progression of the beech in the south-eastern range, most
directly expressed throughout Ellenberg’s climate quotent [4, 6,
7]. However, future predictons of beech distributon, solely based
on long-term averages are prone to uncertainty because of the
infuence of advanced climatc extremes and intrinsic adaptve
capacity of beech. At the xeric edge, subsistence of the beech is
more infuenced by short-term dry periods than the long-term
climatc means [8, 9]. Adaptaton to the local environment may
lead to genetc and phenotypic structured populatons in a few
generatons, depending on the forest management system applied
[5]. Therefore, the adaptve capacity of the beech should not be
ignored in the assessment of future distributon. The adaptaton
strategy of forest trees is receiving growing atenton given
expected climatc changes. The scarcity of reliable informaton
regarding responses to macroclimatc changes is a central problem
and obstacle in planning for the future [6]. To formulate realistc
predictons, both the nature of adaptaton to past and current
climate, and the level of sensitvity to sudden environmental
changes have to be understood and properly interpreted.

Due to its very broad environmental niche, the beech
consttutes a variety of vegetaton types across Europe. This is
partcularly common in the southern limits of its distributon
range, on the Balkan Peninsula, where beech forests are
characterized by the high diversity of foral components. This
is due to the fact that during the last ice age, the area in the
south-eastern periphery of the Alps i.e. the Balkan Peninsula,
presented microrefugia that are considered as the main source
areas for the subsequent colonizaton of central and northern
Europe by the beech [10]. Nowadays, beech forests in this area
contain the variety of “lliric” foral elements that cannot be found
in other parts of Europe, which withstood the last glacial period.
Recently, with the goal of placing the EU beech forest on the list
of world heritage property, a comprehensive regionalizaton and
formaton of Beech Forest Regions was brought about [11]. In
the framework of this actvity, 12 European Beech Forest Regions
were defned, and one of them includes the lllyric Beech Forest
Region that covers Slovenia, Croata and Bosnia-Herzegovina.
Another recent comprehensive efort on an EU scale presents the
classifcaton of European forest types, Categories and types for
sustainable forest management reportng and policy (EEA [2]).
EEA classifcaton defnes two European beech forest types in the
lllyric Beech Forest Region. The lllyrian sub-mountainous beech
forest prevails in the Dinarides and mid-Pannonic hills, while in
the higher alttudinal range of distributon, beech forests with
silver fr and common spruce, forming lllyrian mountainous beech
forest type prevail. However, on a local country scale in Croata,
the long-term forest ecosystem studies based on a typological
approach [12] have been undertaken. The goal of these studies
was in identfying, assessing and mapping the specifc forest
ecological-managerial types (ecosystems) based on common
soil-vegetaton propertes. The purpose of this classifcaton was
to defne the optmal productvity (yield tables) of forest stands
with respect to site potental and to propose the most suitable
means of forest management and regeneraton that can preserve
ecosystem sustainability in the long-term. As a result of these
research actvites, a total of 13 beech forest types (ecosystems)
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were identfed and delineated across the country. Beech forests
were also categorized in four broader bioclimatc groups with
respect to climate-vegetaton relatonship.

A broad temperature and precipitaton gradient over
the narrow geographical range in Croata (3-17°C of yearly
average temperatures and 300-3500 mm of total yearly rainfall)
contribute to the variety of macroclimatc conditons. Croata also
intersects four of the main European biogeographical regions
on a relatvely short spatal extent (Contnental, Pannonian,
Alpine and Mediterranean). Therefore, delimited beech forest
types cover an extensive environmental range; from optmal
conditons enabling the highest productvity, to limitng conditons
that prevail on the margins of their distributon area. Along the
Adriatc litoral region, there is a very sharp transiton from the
warm and dry Mediterranean climate not suitable for the beech.
Beech populatons in this boundary region are in environmental
limits, partly adapted to the Mediterranean climate. The
other xeric limit is on the lowest slopes of the eastern parts of
Pannonian hills, in the transiton towards the semi-arid South-
Eastern climatc zone. The third boundary for the beech is in the
highest hilltops of the Dinaric Alps, in the upper alttudinal limits
of forest vegetaton. This extensive environmental setng across a
narrow area is very suitable for assessment of the beech climatc
niche width, together with its responses to various climatc
anomalies and extreme events that can provide new insights into
beech adaptaton potental. The regional scale assessment in the
transitonal area of South-eastern Europe and the Mediterranean
could provide important clues as to how beech forest types are
coping with a warmer environment and how they are adaptng to
extreme climatc conditons, such as dry spells.

Consequently, the main objectves of this study were to assess
the structural and functonal propertes of beech forest ecosystems
in Croata across a wide climatc gradient (Mediterranean, Alpine
and Contnental) and to gain some clues about the means of
adaptaton to spato - temporal climatc extremes and anomalies.
This was undertaken by: (1) assessing the main ecological
propertes in terms of the yearly mean temperature, annual
precipitaton and the Ellenberg climate quotent of 13 previously
delimited ecosystem types; (2) assessing the main typological
propertes such as topography (alttude, slope and aspect) and
interactons with edaphic factors; (3) assessing the vegetaton
actvity of beech forests using the proxy remote sensing indices
such as FAPAR (Fracton of Absorbed Photosynthetcally Actve
Radiaton); and (4) provide an assessment of responses and
resilience of the beech forests to climatc anomalies, based on
FAPAR datasets for the period of observaton (1998-2005).

MATERiALs AnD METhODs

study Area

Croata is situated in Central and Southeast Europe between
lattudes 42° and 47° and longitudes 13°and 20°. The Pannonian
Basin, Dinaric Alps and Adriatc Basin consttute the major
geomorphographic areas (Figure 1). The major mountain ranges
are the Dinaric Alps following the litoral Adriatc zone, ranging
from sea level up to 1831 m and the Pannonian hills (lvangica,
Medvednica, Bilogora, Psunj, Papuk, Dilj) in the contnental area,
ranging up to 1060 m. Parent material in the carstc region of
the Dinaric Alps consttute Mesozoic limestones and dolomites
with protrusions of silicate and silicate-carbonate clasttes and
only locally magmattes [13]. Unlike the Dinaric area, the soils

htp://www.seefor.eu
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suitable format for SAGA GIS spatal analysis was performed by
BEAM VISAT sofware. Monthly FAPAR images, 96 in total from
1998-2005, were then clipped with the 13 area shape fles that
represent envelopes of beech ecosystems. Associated FAPAR
pixels (with a 1 km spatal resoluton) were extracted (Figure 5).
However, so as to eliminate the problem of the false high FAPAR
intensity (the appearance of extreme FAPAR values during the
winter season, very possibly as a refecton of snow cover), only
months in seasons with certain vegetaton actvity (from March
to November) were used for analysis. Average monthly FAPAR
values for each of the 13 area samples, from March to November
within the eight year period, were calculated from related pixels
using “Spatal and geostatstc analysis module” in SAGA GIS.
Further data processing, statstcs and graphical representaton
were performed in R sofware for statstcal computng.

In order to quantfy ecosystem responses indices of resilience
were applied that represent the concepts of resistance, recovery,
resilience and relatve resilience following the procedure of Lloret
et al. [20], Sanchez-Salguero et al. [21], Herrero and Zamora
[22] and Pilas et al. [23]. In general, resistance is the inverse of
performance reducton during extreme drought and presents the
rato between performance during and before drought. Recovery
is the ability to recover relatve to the performance reducton
undergone during drought and presents the rato between
performance afer and during extreme drought. Resilience is
the capacity to return to pre-drought performance levels and

presents the rato between the performance before and afer
drought. Relatve resilience is the resilience weighted by the
performance reducton during drought. In this study an adapted
approach was applied, previously developed by Pilas et al. [23]
for FAPAR monthly tme series. The relatonship between mid-
season FAPAR in July (F_) was studied, which is very close to the
maximum extent of photosynthetc actvity for the season, as well
as pre and post mid season vegetaton performances. The efect
of variatons of FAPAR during intensive vegetaton growth in the
April-June period (Fpre) on the mid-season FAPAR performance
were analyzed, i.e. resistance (rt7) of F_, and the efect of mid-
season FAPAR on the vegetaton actvity during the later stage
and the senescence period in August-October, (F, ) i.e. recovery
(rc7). As a follow up to these calculatons we estmated the
diferencesin resilience (rs7) and relatve resilience of ecosystems
(rr7) based on intra-annual variatons of photosynthetc actvity.
We calculated these indices using the following formulae:
rt7 = Fms / ((Fmsrl+ Fms—2+ Fms—a) / 3) = Fms/ Fpre
rC7 = ((Fms+1+ Fms+2+ Fms+3) / 3) / Fms: FposI/ Fms
I'S7 = (Fms+1+ Fms+2+ Fms+3) / (Fms.1+ Fms-2+ Fms-a) = Fpos1 / Fpre
mr=F  XF / Fore

where F_, F . F . are FAPAR values for the mid-season (July),
the previous t months and t months afer, respectvely, rt7, rc7,

rs7, rr7 (mid-seasonal resilience indices).

TABLE 1. The dominant soil and vegetaton pairs consttutng the common beech ecosystems

Lo Forest . . .
Bioclimate ecosystem Phytocenoses Dominant soil type (WRB classifcaton)
B 1 (lllyrian) Subalpine beech forest leptc CAMBISOL rhodic
(Ranunculo platanifolii-Fagetum /Ht. 1938/Marincek et al. 1993)
C 1 Dinaric beech-fr forest folic CAMBISOL, eutric
Omphalodo-Fagetum (Treg. 1957) Marincek et al. 1993
3 Dinaric beech-fr forest lithic, mollic LEPTOSOL, humic
Omphalodo-Fagetum (Treg. 1957) Marincek et al. 1993
4 Pannonian beech-fr forest haplic CAMBISOL, dystric, endoskeletc
Festuco drymeiae-Abietetum Vukeli¢ et BariCevi¢ 2007)
D 1 (lllyric) montane beech forest folic CAMBISOL, eutric
(Lamio orvale-Fagetum sylvatcae Ht. 1938)
2 (lllyric) montane beech forest hypersceletc, rendzic LEPTOSOL, brunic,
(Lamio orvale-Fagetum sylvatcae Ht. 1938) skeletc
3 (Illyric) montane beech forest LEPTOSOL, rendzic, mollic
(Lamio orvale-Fagetum sylvatcae Ht. 1938)
4 (lllyric) montane beech forest gleyic, cutanic LUVISOL, clayic, epidystric
(Lamio orvale-Fagetum sylvatcae Ht. 1938)
5 (lllyric) montane beech forest cutanic LUVISOL, arenic, siltc
(Lamio orvale-Fagetum sylvatcae Ht. 1938)
6 (lllyric) montane beech forest folic CAMBISOL, dystric, endoskeletc
(Lamio orvale-Fagetum sylvatcae Ht. 1938)
7 Submontane Pannonian beech forests . gleyic, cutanic LUVISOL, clayic, epidystric
(Cephalathero longifoliae-Fagetum Vukeli¢, BariCevic et Sapi¢
2012)
H 1 Sub-mediterranean beech forest leptc CAMBISOL rhodic (Calcocambisol)
(Seslerio-Fagetum sylvatcae/Ht. 1950/M. Wraber 1960)
2 Termophyilic contnental beech forest LEPTOSOL, rendzic, mollic
(Ostryo-Fagetum sylvatcae Wraber ex Trinajst¢ 1972)
76  SEEFOR7(2):73-89 htp://www.seefor.eu
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50 0 50 100 150 km . O

FigURE 2. Distributon of 13 common beech ecosystems in Croata

RESULTs

Main Topographic and Climatc Propertes

Table 1 shows a summary statstcs of the main topographic
and climatc grids concerning 13 beech ecosystem types. The
results indicate the proporton of area of each individual forest
type. The most abundant is ecosystem C1 with an approximate
area of 2825 km?and the smallest ecosystem is C3 with 41 km?.
The obtained results show that the beech appears across a very
broad range of environmental conditons, from locatons very
close to sea level (20.3 m) to the highest alttudinal belts of
the Dinaric Alps (1576 m). The average values of the assessed
parameters indicate the preferental conditons of a partcular
ecosystem regarding general macroclimatc propertes. However,
minimal and maximal values are more infuenced by microclimate
and specifc topographic setngs. This is clearly visible in the
Sub-Mediterranean beech forest (H1) which, in general, appears
at higher average alttudes (886 m) of the coastal zone, but in
specifc microclimatc conditons such as in north-western slopes
of Utka Mountain in the Istrian Peninsula, can reach the lowest
elevatons of 20.3 m, the boundaries of carstc feld Cepic Field
in the hinterland. Elevaton is notceable (Figure 6), a very strong
diferentatng factor of three bioclimatc groups (B,C,D) which
are based on relatvely uniform vegetaton strata. For example,
at alttudes of 559 m in the Pannonian and 936-1031 m in the
Dinaric region, there is a prevalence of beech — fr mixed forests,
while pure beech forests occupy the zones below and above
this range. At the inner bioclimatc scale, edaphic factors are
more relevant in the diferentaton of ecosystem types. Slope
also shows a gradual increase across the ecosystem alttudinal
range - ecosystems in the lower alttudes (bioclimate D) occupy
milder slopes than ecosystems in the higher zones (bioclimates
B and C). Aspect is quite invariant across the ecosystem range
except for ecosystem H2 (Thermophilic contnental beech forest),
which presents a specifc excepton appearing dominantly on the
eastern slopes. However, the prevailing “thermophilic” vegetaton
propertes of H2 could also be explained by the character of the

htp://www.seefor.eu
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FIgURE 4. Snow boundary indicatng the limits of the common beech distributon in Mediterranean (lef), spatal coverage of
Ellenberg’s climate quotent (right)
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TABLE 2. Statstcs of the main topographic and climatc propertes of the beech ecosystems

ELEVATIOn

Ecosystem Bl (] c3 C4 D1 D2 D3 D4 D5 D6 D7 hl h2
No samples 407 2354 34 186 1648 317 55 841 40 1377 792 1219 79
Min 596.1 2458 7893 2370 1147 1586 1639 123.6 1940 1269 1095 20.3  188.0
Max 1576 1557 1198 958 1316 922 957 1041 364 1341 319 1491 940
Range 979 1312 409 721 1202 764 793 917 170 1214 210 1470 752
Average 1160 936 1031 559 672 328 408 252 292 340 181 886 540
Variance 8892 14688 7366 10054 10640 4871 10879 3562 639 5391 417 16567 16531
Stdev 85 108 68 84 89 59 94 38 25 56 18 108 128
SLOPE

Ecosystem B1 c1 c3 C4 D1 D2 D3 D4 D5 D6 D7 hl h2
No samples 407 2354 34 186 1648 317 55 841 40 1377 792 1219 79
Min 0.11 0.05 0.47 0.35 0.02 0.25 0.34 0.03 0.09 0.18 0.04 0.06 0.77
Max 1898 2093  20.02 1550 19.86 1292 1228 15.94 3.86 19.37 2.85 23.03 19.68
Range 18.87  20.89 1955 1515 19.83 12,67 1194 1591 3.77 19.19 2.81 2297 1891
Average 6.81 5.52 8.03 5.83 4.72 3.03 3.79 1.99 1.45 291 0.78 6.27 6.89
Variance 7.36 7.44 2,717 4.60 6.80 2.08 5.19 1.33 0.36 1.94 0.13 724 1632
Stdev 2.48 2.49 1.10 1.66 2.19 1.20 2.04 0.79 0.60 1.07 0.32 2.35 3.90
AsPECT

Ecosystem B1 (G €3 C4 D1 D2 D3 D4 D5 D6 D7 hl h2
No samples 407 2354 34 186 1648 317 55 841 40 1377 792 1219 79
Min 13 0.3 7.9 0.5 0.1 0.2 7.5 0.4 8.2 0.1 0.0 1.8 11
Max 3585 359.6 3587 359.0 359.8 359.3 3433 359.7 3523 359.9 3599 360.0 3517
Range 3572 359.3 350.8 3585 359.7 359.1 3358 359.3 3442 3598 3599 3582 3505
Average 167.8 178.0 1420 1707 1643 1687 1453 159.8 177.1 1574 1832 1845 949
Variance 5099.5 10691.6 3450.5 8980.2 8497.1 6801.7 3857.6 84834 85959 7769.3 8601.0 5081.2 8738.3
Stdev 59.3 97.6 379 76.5 82.2 69.9 61.3 78.3 86.0 76.0 85.4 58.2 92.2
Facet S S SE S S S SE S S SE S S E
TEMPERATURE

Ecosystem B1 cil c8 C4 D1 D2 D3 D4 D5 D6 D7 hl h2
No samples 403 2345 35 188 1661 325 56 841 43 1382 796 1232 78
Min 2.6 2.1 48 53 45 5.2 6.1 4.8 9.2 45 8.9 3.0 5.3
Max 10.4 10.6 8.4 9.8 10.8 10.5 104 10.6 10.1 10.8 10.6 135 10.7
Range 7.8 8.5 3.6 45 6.3 53 43 5.8 0.9 6.3 17 10.5 5.4
Average 6.2 6.8 6.5 7.9 8.2 9.3 9.1 9.7 9.6 9.4 9.9 7.9 8.4
Variance 0.4 0.5 0.3 0.3 0.4 0.2 0.4 0.2 0.0 0.2 0.0 0.7 0.6
Stdev 0.5 0.6 0.4 0.5 0.6 0.4 0.6 0.3 0.1 0.4 0.1 0.7 0.8
PRECIPITATION

Ecosystem Bl c1 C3 C4 D1 D2 D3 D4 D5 D6 D7 hl h2
No samples 403 2345 35 188 1661 325 56 841 43 1382 796 1232 78
Min 1227 1183 1538 887 912 754 945 739 854 787 816 1145 1396
Max 3444 3234 2643 1343 2816 1930 1904 1581 1101 2300 917 3286 2107
Range 2216 2050 1105 457 1904 1175 959 842 247 1513 101 2141 710
Average 2034 1696 2042 1073 1541 950 1359 968 987 1166 863 1686 1740
Variance 14514 25321 16144 1165 14746 803 3234 934 145 2427 99 20233 10401
Stdev 79 109 93 27 91 22 45 17 11 29 8 100 98
ELLENBERg's DROUghT inDEX

Ecosystem B1 c1 C3 C4 D1 D2 D3 D4 D5 D6 D7 hl h2
No samples 115 1246 41 66 889 163 52 393 23 798 499 668 62
Min 3.82 3.63 4.41 12.29 4.87 14.54 8.04 8.84 16.24 5.91 21.03 4.51 8.31
Max 1363 16.95 1426 1933 2139 2628 2124 2790 2305 2577 2497 1866 18.86
Range 9.81 13.32 9.85 7.04 1652 11.73 1320  19.06 6.81 19.86 3.93 1415  10.56
Average 7.38 9.01 7.56 17.17 1247 2051 1525 1947 2073 1795 2334 11.28 12.89
Variance 411 6.76 4.52 2.73 5.42 5.83 19.05 13.44 5.69 13.38 0.00 6.33 8.47
Stdev 2.03 2.60 2.13 1.65 2.33 241 4.36 3.67 2.39 3.66 0.00 2.52 2.91
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predominant soil type, which is dry and relatvely shallow molic,
rendzic leptosol (rendzina). Overall temperature amplitude for the
common beech is between 2.1-13.5°C and precipitaton amplitude
between 754-3444 mm. There is evidence of a gradual increase
of the average temperatures and evidence of more alternatng
but decreasing trend of average precipitaton along bioclimatc
gradients (B-C-D). The estmated maximal value of the Ellenberg
quotent of 27.9 represents the xeric limit for the beech in the
contnental region. However, values of the Ellenberg quotent in
the Sub-mediterranean ecosystem H1 do not exceed 18.7 that are
well below contnental limits.

Photosynthetc Actvity (FAPAR)

Figure 7 presents the average values of photosynthetc
actvity of 13 common beech ecosystem types for the period
March-November. The estmated range of average FAPAR is from
minimal 0.43 (B1) to maximal 0.55 (C4). FAPAR is decreasing in
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ecosystems on higher alttudes (B1, C1, C3) and the Mediterranean
(H1). Ecosystem B1 (Subalpine beech forest) has the lowest
actvity at the upper limit of beech alttudinal zone in Dinaric Alps.
On the other hand, the highest photosynthetc actvity can be
found in ecosystems in the coline belt, D1-D7 (Mountain beech
forests), at low to medium alttudes. Overall diferences between
series of mean FAPAR for an 8 year period, 1998-2005, prove
high signifcance at p<0.001 (AOV test). Multple comparisons
between groups (Figure 8) provide insight into signifcance
amongst ecosystem pairs. The performed test confrms overall
diferences amongst ecosystems included in bioclimatc hierarchy.
However, there is proven signifcance on intra-bioclimatc level,
most obvious between beech — fr mixed forests in the Dinaric
and Pannonian region. Productvity of beech and fr forests in
the contnental Pannonian hills, C4 (Pannonian beech-fr forest)
signifcantly exceeds productvity of the beech and fr forests in
the Dinaric Alps, C1 and C3 (Dinaric beech-fr forest). Diferences
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FIgURE 6. Preferental environmental propertes and limits of the common beech ecosystem types
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inside bioclimatc group D, mountain beech forest vegetaton
type (Montane beech forest) can be atributed to edaphic factors.
Higher productvity is found in relatvely deeper soils such as
rendzic leptosol (deep rendzina on unconsolidated material),
luvisol and dystric cambisol. There is also a notceable diference
amongst types H1 and H2 inside thermophylic beech vegetaton
group where H1, the sub-Mediterranean beech forest, has one
of the lowest productvity and H2, termophylic contnental
beech forest is very near to the most productve ecosystems.
More intrinsic insight into ecosystems performance can be
obtained from the phenological patern based on monthly FAPAR
average series (Figure 9). Ecosystems follow a general patern of
seasonality with vegetaton onset in May and rapid inclinaton of
photosynthetc actvity during June untl maximal values in July.
From July to September there is a prevailing stage of maximal
photosynthetc actvity of forests. Cessaton of maximal actvity

0.55
0.50
0.45
0.40

0.35

Bl C1 C3 C4 D1 D2 D3 D4 D5 D6 D7 hl h2
FIgURE 7. Average annual values of FAPAR (March-November)

0.30 -

and the onset of senescence is in October and a sharp decline of
actvity in November. Apart from this general seasonal patern
there is a visible shif in phenology along bioclimatc range D-C-B.
Seasonal distributon of FAPAR swings in absolute values from D to
B, retaining a similar shape. The impact of summer drought in the
Mediterranean is evident in ecosystem H1 through a more rapid
reducton of photosynthetc actvity in the mid-season.

More pronounced insight into vegetaton tming can be
obtained from the contrast of monthly slices of FAPAR (Figure
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FigURE 8. Multple comparisons of yearly diferences
amongst ecosystems provided by Tukey HSD test

4 6 8 10 4 6 8 10
| | | | | | | | | | | | |
Bl C1 C3 C4

0.8 7 - r
071 e, e fa TN
054 # e P yooe ; of
044 W W g -
8'2:..; bn—o" st flew B

D1 D2 D3 D4
] ,4* * e e e [ 89
- - ; . ; . ! \ ), * 06
§ - ; " 4' . : . ; w05
£ 001 o ; / C 03
He e t vy 4+ & 02
D5 D6 D7 hl
0.8 ] *e. . u
8% . r‘m‘ * ;’ ) s ‘,l " o/.k * .

. - i . 3 ; N i " _
03] # i |oA M sl
83 Je# vy ot .ot C

h2
7 r 0.8
1+ o7
7 ! * —06
n ! "o 0.5
14 "o
e
4 6 8 10 month

FIgURE 9. The shapes of seasonal FAPAR based on 8 year monthly averages

htp://www.seefor.eu

SEEFOR7(2):73-89 81



PILAS I, MEDVED |, MEDAK J, PERCEC TADIC M, MEDAK D

10). There is a small but notceable increase in FAPAR during
vegetaton dormancy (March-April), a consequence of actvity of
evergreen silver fr in mixed beech-fr forests (C1, C3, C4). Also,
there is evident of a gradual boost of vegetaton in May, along
bioclimatc gradient D-C-B, earliest in D and the latest in B. On the
contrary, the start of the senescence period is in November, the
earliest in B and the latest in D.

intra-seasonal Variatons and Ecosystem Responses

Figure 11 presents normalized variatons of monthly FAPAR
values (z-scores) for the observed period (1998-2005). These
deviatons are mainly infuenced by climatc variatons of which the
most pronounced events were drought and a heat wave in 2003
and an extremely wet 2005. All ecosystems show the possibility to
rapidly adapt their photosynthetc actvity in a positve or negatve
way depending on more or less suitable climatc conditons. From
the presented scores, insight into the behaviour of ecosystems
under a partcular climatc extreme can be noted. The drought and
heat wave of 2003 had less infuence on FAPAR inside bioclimatc
zones C and B. In conditons of excessive precipitaton in 2005,
only a few ecosystems show a more positve response (C4, D2, D4
and D7). On the contrary, ecosystems B1, C1 and C3 show reduced
actvity throughout 2005 with the excepton of springtme.

Figure 12 presents calculated coefcients of variaton for
consecutve months which indicates the tme or stage with the
most pronounced fuctuatons of FAPAR. The beech exhibits the
highest responses to external anomalies during vegetaton onset
in spring. Variatons gradually recede towards mid season and
gradually increase at the beginning of the senescence period.
This proves that the beech has very conservatve and robust
behaviour in relaton to climate anomalies during the mid-season
with maximal productvity. The highest variatons of FAPAR during
spring and autumn indicate a specifc trait of the common beech
in that it can seasonally adjust the kickof and cessaton of its
phenology, responding with an earlier onset of vegetaton to
favourable (warm) climatc setngs or forcing a premature drop in
productvity during water shortages and drought, while retaining
relatvely constant FAPAR in the mid-season. Less pronounced
variatons during the onset of growth were characteristc for C1
and C3 (mixed beech-fr forest) because of the possible stable
infuence of the silver fr. There is evidence of a gradual shif in
the maximal variatons amongst ecosystem types so that maximal
variatons in B1, C1 and C3 (higher alttudes of the Dinaric Alps)
occur in June, in most of the ecosystems inside bioclimates D
and H (except D5 and D7) in May and D5 and D7, in the lowest
positons, in April and March.

Seasonal variatons of FAPAR can be applied in a more
suitable way to obtain more perceptve insight into the adaptve
capacity of beech ecosystems by calculatng resilience metrics
(resistance, recovery, resilience and relatve resilience). Resilience
metrics provide a quanttatve insight into the intrinsic capacity
and responses of beech ecosystems to climate alteratons (Fig. 12).
The highest resistance is distnctve for ecosystem B1 followed by
the group of ecosystems C1, C3, H1 and D1. On the contrary,
ecosystems inside bioclimate D (except D1) exhibit the lowest
resistance. Recovery, as an inverse of resistance (ecosystems
with a smaller drop of FAPAR also have lower recovery), show a
relatvely opposite picture with pronounced ecosystems D5 and
D7. Consequently, the ecosystem with the highest resilience
is ecosystem B1, followed by the group of ecosystems inside
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bioclimate C together with D1, D3 and H1. The lowest resilience
was shown in ecosystems inside bioclimatc group D. With respect
to relatve resilience, ecosystems exhibit a very heterogenic image
where only ecosystems D5 and D7 deviate more from others.

DisCUssiOn

Remote sensing FAPAR, with a spatal resoluton of around 1
km, presents vegetaton indices suitable for assessment of land
surface phenology and climatc anomalies on a global or European
scale [25]. By performing a global assessment, informaton
about vegetaton cover is usually generalized and simplifed to a
few broad vegetaton or land-cover types. By integratng FAPAR
and country scale forest ecosystem classifcaton, the power of
FAPAR seasonal sensitvity can be extended to provide dynamic
linkage with the range of statc auxiliary data incorporated into
ecosystem structure. With this respect, the results of analysis of
auxiliary topographic and climatc features of determined forest
types serve to defne the environmental conditons and their
limits in a more comprehensive quanttatve manner. Additonally,
supported informaton can be used as a quanttatve mean for
evaluaton of an empirical classifcaton system such as the forest
typological approach in Croata. This refers primarily to scientfc
works and surveys in the last 80 years by Horvat [25, 26], Horvat,
Glavat and Ellenberg [27], Bertovi¢ and Lovri¢ [28], Cestar et
al. [29-31], Pelcer and Medvedovi¢ [32], Rau$ and Vukeli¢ [33],
Trinajst¢ [34], Trinajst¢ and Franji¢ [35], Vukeli¢ and Rau$ [36],
Vukeli¢ and BariCevi¢ [37], Pernar and Baksi¢ [13] and Mesi¢ [38].

Basic Environmental Propertes of Beech Forest Types

The obtained results clearly support determined vertcal
diferentaton of the beech bioclimates and ecosystem types over
the partcular alttudinal ranges, covariant with temperature and
precipitaton gradients. Based on the yearly average FAPAR, the
most productve environmental niches are located in bioclimate D,
the area of mountainous and sub mountainous beech forests, in
the hillsides of the mountainous contnental belt from 181to 672 m
(ecosystem averages). In this mountainous zone with temperature
averages of 8.2-9.9°C and yearly precipitaton of 863-1541 mm,
the beech forms mostly pure homogeneous stands because of its
high compettveness. At higher alttudes, the beech appears with
the silver fr forming mixed beech-fr forests (bioclimate C). The
average alttudes for beech — fr mixed forests in the Dinaric zone
is 936 m (C1), 1031 m (C3) and in Pannonian zone 559 m (C4).
Respectve average temperatures are 6.5°C (C1), 6.8°C (C3) and
7.9°C (C4) and average precipitaton amounts to 1696 mm (C1),
2042 mm (C3) and 1073 mm (C4). Above this zone, in the highest
alttudinal range, the subalpine beech forest type (B1) appears
forming pure stands with characteristc bended trunks due to the
long lastng snow on steep slopes. This type prevails at average
alttudes of 1160 m, with an average temperature of 6.2°C and a
precipitaton amount of 2034 mm. In the Mediterranean litoral
zone, the only beech ecosystem, H1, exists at relatvely higher
alttudes (886 m), with an average temperature of 7.9°C and
precipitaton of 1686 mm.

Photosynthetc Actvity (FAPAR) of Beech Ecosystems

FAPAR [39], used as cumulatve metrics, presents a proxy
for assessing forest productvity (gross primary producton). The
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FiIgURE 11. Normalized variatons (z — scores) of FAPAR during the observaton period

results of average FAPAR determine diferences in the productvity
of beech ecosystems in relaton to climate and topography
including edaphic factors at the intra bioclimatc level. The overall
productvity of common beech forests declines as the alttude
increases and towards xeric environmental margins. The common
property of soils (rendzic leptosol on unconsolidated material,
luvisol, cambisol), in the most productve beech forest types is
intermediate to a larger depth (approximate min 60 cm), free
drainage capability and a very broad range of soil chemical and
physical characteristcs that is in accordance with Peters [40] and
Sanders et al. [41]. There is also evidence that soil propertes
provide some limitatons in productvity. Beech stands on very
shallow soils such as cambisols and rendzic leptosol and partly
waterlogged soils such as gleyic luvisol show lower values of
average FAPAR of all types in the mountainous beech zone (D).
The possible infuence of edaphic parameters is even more
detectble in mixed beech - silver fr forests inside bioclimate C.
Very large diferences in productvity of mixed stands (C1, C3, C4),
in favour of the contnental Panonnian ecosystem type (C4), could
be atributed to more deeper and productve soils (i.e. dystric
cambisol in relaton to shallow folic cambisol and mollic leptosol).

There is a common trait that alttude has an impact on the
duraton of the vegetaton period as can be corroborated in the

84  SEEFOR7(2):73-89

regional phenology studies of the common beech [42, 43]. The
earliest onset of the spring phenological phases is observed in
the lowest-lying sites and the latest onset in the uppermost sites.
The dynamics of the autumn phenological phases had an opposite
trend compared to the spring phenophases. This is also evident in
our study through an earlier and gradual increase of FAPAR in May
and June across bioclimatc vertcal zones (D-C-B). The impact of
alttude in the cessaton of vegetaton in October and November is
not so pronounced. It is obvious that in the mid vegetaton season
(July, August), ecosystem productvity retains more constant
values than in the onset and senescence periods. This indicates
that during mid-season, the peak producton of beech ecosystems
is relatvely uniform across the alttudinal gradient, with small
diferences related most probably to beech stand structural
characteristcs. A higher annual productvity in the common
beech at lower alttudes can be associated more to the prolonged
period of growth than the peak productvity potental of forests
by themselves. Ergo, growth duraton is most possibly modifed
by the climatc variatons during springtme, during a period of
the highest phenological sensitvity that is refected through the
highest FAPAR alternatons. Generally, an earlier growth onset is
due to the early spring warming and the delay of onset due to
the spring chill. An accepted understanding of the impact of global
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warming on phenology, given by Rétzer and Chmielewski [44], is
that vegetaton onset spreads southward at a rate of about 2 days
per degree of lattude, the rate of change of the growth season
length for forests is in a range of 6.4-6.7 days per °C. Warmer
spring temperatures have advanced fowering dates by about 4
days per 1 °C and leaf unfolding by about 3.2-3.6 days per 1°C in
Europe. As the possible outcome, a recent dendrochronological
study of Tegel et al. [45] detected an unexpectedly rapid boost
of beech growth afer 1990 in the southern Balkan Peninsula
(Albania, Macedonia) which is contrary to broad expectatons
of warming induced suppression of forests productvity in their
southern Mediterranean limits. The beech is principally sensitve
to excessive summer warming (June-September) that causes a
water defciency and drought as is confrmed in regional studies
by Ditmar et al. [46], Ditmar and Elling [47], Van der Maaten [48]
and Tegel et al. [45].

The results of our study reveal that the beech is very
adaptable and opportunistc to newly emerging warming
conditons because it can easily drif its vegetaton onset earlier
in the springtme and thus it is capable of prolonging the growing
season and increasing its productvity to some degree. However,
the smallest fuctuatons of FAPAR during the mid-season (July,
August, September) indicate that during this period of maximal
productvity, the beech is relatvely invariant to climate anomalies.
One possible explanaton is that the plant available water status
of the majority of beech forest soils in mountain areas (with the
higher total precipitaton and lower average temperatures) is not
the limitng factor for growth during this mid phenology stage. The
prolonged droughts can cause soil water shortage which results

in a decline of productvity and earlier senescence of vegetaton
in the later stages (October, November) which is obvious due
to recurring higher variatons of FAPAR in this period. As a
consequence, this can contribute to reduced productvity of the
beech on an annual scale. In general, according to the provided
seasonality of FAPAR variatons, it can be concluded that with
respect to climatc anomalies, the beech phenology behaves like
an intra seasonal teeter, drifing over stable conditons during
the mid-season and adaptng to opportunites and limitatons in
springtme and autumn. Warmer conditons in springtme, on the
one hand present an opportunity, but on the other, their extension
throughout the year produces limitatons for productvity in later
stages of growth.

In the scenarios of the progression of global warming, there
is a strong emphasis on the assessment of the future distributon
range of beech forests which has been the subject of modelling
and regional simulaton studies [4-9]. Therefore, an estmaton of
environmental conditons on the limits of the beech distributon
range, prone to many uncertaintes, is of huge interest for the
forest management. In this study, the boundary conditons of
three marginal limits were assessed: upper alttudinal, south-
eastern contnental and the Mediterranean. By applying an
ecosystem based approach, beech propagaton also in relaton
to prevailing edaphic conditons in the marginal zones can be
discussed, as it is ofen neglected in climate-vegetaton modelling
and simulatons. Based on the maximal and minimal values of
topographic and climatc factors, it can be concluded that the
current upper alttudinal limit of the beech in Croata is 1576
m with a minimal yearly temperature of 2.2°C and maximal
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FIgQURE 12. Coefcients of variaton amongst beech ecosystem types
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precipitaton of 3444 mm. This shows that the current beech limit
is very close to the upper terrestrial boundary determined by the
upper ridges and hilltops of the Dinaric Alps ranging from 1750
to 1831 m. However, a future vertcal succession of the common
beech in this carstc environment is limited by very shallow soils on
hard calcareous substrate and by eroded surfaces with plain rocks.
On the other hand, the xeric limits for the beech in the contnental
region is at the lower slopes with a minimal alttude of 109.5 m in
the Pannonian hills (max alttudes 900-110 m), on the juncton with
the Pannonian plain (95-115 m). The estmated maximal average
temperature limitaton for the beech is 10.8°C and minimal yearly
precipitaton is 739 mm, which exceeds the xeric limit of 9.3°C and
is above the limit of 680 mm provided by Czlcz et al. [4]. Maximal
values of Ellenberg’s climate quotent do not exceed values of 27.9
which is below 28.9 [4], the limitng climatc conditons for the
beech in Hungary. Productvity (mean annual FAPAR) of ecosystems
at the lower boundary is, in general, below the average for the
respectve bioclimatc group (D) which could be partly atributed
to less suitable edaphic conditons. The lowest lying ecosystem
D7, (109.5-319 m) appears on seasonally waterlogged soil (gleyic
luvisol) and seasonal oversaturaton in soils most probably do
not represent optmal conditons for beech growth. The seasonal
modifcaton of the Mediterranean climate, in partcular an
alternaton of wet and mild winters and hot and dry summers,
present constrains for beech distributon and productuvity.
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According to Maselli et al. [49], productvity of the Mediterranean
beech forest is strongly determined by the start of the dry season.
The Sub-Mediterranean beech forest (H1) assessed in this study has
one of the lowest productvity. The impact of the summer drought
in the Mediterranean can be identfed by an earlier decreasing of
FAPAR seasonal trajectory startng in August. Sub-Mediterranean
beech forest covers the broadest alttudinal range startng from
20 m above sea level up to 1491 m, mostly on the south-western
slopes (average inclinaton of 6.27%) of the litoral fank of the
Dinaric Alps. The limitng climatc conditons for the presence of the
beech in this region are a mean temperature of 13.5°C and 1145
mm of minimal precipitaton. However, the maximal values of EQ
of 18.66, well below the determined EQ limits for the beech in the
contnent, provide clues that the generalizaton of beech climatc
limits using simple climatc indices should be undertaken with great
care. Lower values of EQ can induce that, in additon to summer
drought, edaphic factors such as shallow soils on limestone with
a very limited water retenton capacity, contribute to seasonal
drought exposure which hinders the productvity and progression
of beech forests further in the Mediterranean.

Resilience metrics provided in this study present means to
quantfy and identfy various responses of beech ecosystems to
climatc anomalies in the period of observaton. Indices of resilience
are suitable for quantfcaton of the forest responses on an inter-
annual tme scale based on some directly measurable environmental
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tree metrics such as a basal area increment or shoot growth and
needle-length in the case of extreme drought conditons. Indices
of resilience are mostly based on a single extreme climatc event
or pointer years as seen in the studies of Lloret et al. [20], Sanchez-
Salguero et al. [21], Herrero and Zamora [22]. However, applying
these indices on an intra-annual scale using a monthly average
FAPAR inJuly as a reference base [23] enables the inclusion of yearly
responses for the whole period of observaton (1998-2005) and
thus, the calculated indices gain more statstcal power.

It can be concluded from the calculated indexes of resilience
(resistance, recovery, resilience and relatve resilience) that the
most resilient ecosystems are those occurring on the margins
of the beech distributon range that was previously empirically
assumed. Highest resistance is exhibited in marginal subalpine
(B1) and sub-mediterranean (H1) beech forests. Highest resistance
indicates that their springtme phenology is more suppressed by
adverse climatc conditons than in other beech ecosystems. On
the other hand, these two marginal ecosystems exhibit the lowest
recovery rates. There is an obvious gradual increase in resistance
with a rise in alttude and recovery in the opposite way, which
presents a possible way of response of the ecosystems to climatc
hindering and unbounding. Resilience represents a rato of the
average performance in the second half (August-November) and
the frst half of the vegetaton season (April-June). Above all, the
most resilient ecosystem is the subalpine beech (B1). Resilience
of the bioclimatc types and ecosystems gradually decline towards
lower alttudinal zones. Also, there is evidence of one of the highest
resilience of the Sub-Mediterranean beech (H1) in comparison
to most contnental types at low to mid alttudes. At the present,
there is confrmed evidence of inherited more adaptve behaviour
of beech to droughts in favour of southern populatons [50] but
looking over a relatvely large spatal scale (Germany, Croata,
Bulgaria and Greece). Providing more spatally intensive, ecosystem
specifc and a confrmatory explanaton of beech adaptaton, based
on aforementoned results could be of the huge benefts for the
forest management in the future to cope with the challenges of the
global warming.

CONCLUsIiON

This study confrms the very adaptve potental of the common
beech regarding a broad climatc, topographic and edaphic range.

The common beech can adapt to annual average temperature
limits from 2.1°C to 13°C and precipitaton limits from 739 mm
to 3444 mm which presents an environmental spectrum of 11.4°C
and 2705 mm respectvely. Photosynthetc actvity of beech is
reducing towards the marginal limits of its distributon range.
The most productve beech forest types are in the contnental
zone from low to medium alttudes, in medium deep soils. The
common beech also shows a broad tolerance to edaphic factors.
However, some limitatons in productvity are observed on partly
waterlogged soils in the lowest contnental range and also in
shallow soils on limestone in the upper zonal belt. This study also
reveals how the specifc environmental setngs of 13 predefned
forest types refect on common beech productvity and phenology.
Unfortunately, because of a relatvely coarse spatal resoluton of
FAPAR (1.2 km) and an extensive country scale assessment, this
study focuses on univariate macroclimatc relatons rather than on
specifc multvariate interactons (i.e. alttude vs. aspect) which are
usually more decisive in the formaton of suitable microclimatc
conditons for the common beech out of the optmal range.

Through assessment of variatons in phenology, this study
reveals some new insight into the adaptve potental of the
beech to emerging climate change. The common beech has
great potental to adapt to increasing spring warming by a
preterm shif of phenology onset. The beech retains a relatvely
stable productvity during the peak of phenology in July and
August, unrelated to external climatc forcings, so during this
period the impact of summer warming could be possibly minor.
By extension of droughts in later phenological stages, the beech
can respond with preterm cessaton of vegetaton actvity. These
fndings indicate that the fexibility of phenology tming, especially
during springtme, presents one of the important mechanisms of
adaptaton and resilience of the common beech to global warming.
The beech has likewise shown a very opportunistc response
potental to earlier spring warming and in partcular circumstances
could achieve even higher rates of producton throughout the
season.
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Background and Purpose: The drought-induced vitality loss of sessile oak (Quercus petraea (Mat.) Liebl.) has been
contnuously observed in Hungary for more than three decades. The decrease in stand density as a consequence of
drought-induced mortality has not been taken into consideraton in most of the monitoring methods.

Materials and Methods: Forest stands without any forest interventon during the last 30 years were selected. Quadrats
were designated for the analysis in 18 sessile oak stands along a climatc transect in which foliage transparency and stand
density were measured. Drought stress was defned by the water balance approach. By combining the foliage transparency
and the relatve stand density, a new cumulatve assessment method of stand level vitality was introduced to get a more
realistc picture about the efects of long-term drought (lastng for several decades) on the sessile oak forests in South-East
Europe.

Results: The calculated health status (100% - vital; 0%- dead) of the sessile oak stands was between 70-90% in the moist
South-West Hungary and below 50% close to its xeric limit. The individual tree-based vitality assessment method gave
considerably higher values on 17 out of 18 sites.

Conclusions: Forest monitoring should also consider stand level-based tree mortality in oak forests while assessing health
conditon especially close to its xeric limit. The proposed new method provides a more realistc picture about the efects of
climate change on sessile oak stands partcularly for forest managers interested in changing in the wood stock of forests.

Keywords: Quercus petraea (Mat.) Liebl., drought, mortality, stand density, forest monitoring

INTRODUCTION

Global climate change, in partcular warming, has been
observed in all parts of the world [1], including Europe,
where several severe drought periods have occurred during
the last decades [2]. The climate of the Carpathian basin has
also become more arid during the last 50 years. The mean
annual temperature has increased while precipitaton during
vegetaton season has decreased [3, 4]. In the future, the
frequency and probability of drought periods may increase,
resultng in higher evapotranspiraton [5-8] and prolonged
water stress.

Since the mid 1970s, droughts tended to occur in
subsequent years in Hungary, which led to prolonged water
defcits, partly owing to higher evapotranspiraton caused by
higher temperatures during the growing season [9]. Since

water is one of the limitng resources for trees on the xeric
limit, and since it is also needed for transportng nutrients,
drought could decrease the vitality of trees [10], reduce
tree growth [11, 12], alter their crown leaf structures with
increased percentages of defoliaton, [13] and ultmately
lead to tree death [14], consequently reducing stand density
[15].

Sessile oak (Quercus petraea (Mat.) Liebl.) forests
are one of the most important forest communites in the
Carpathian basin, covering 20.8% of the total forested area
in Hungary. Since the early 1980s, the severe dry periods
have triggered mass mortality of stand-forming forest tree
species including Quercus petraea [16, 17]. The multyear
drought in the beginning of the 1990s was especially severe
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and afected oak forests mainly in the northeastern part of
Hungary. These episodic diebacks acted as a self-thinning
mechanism to adapt tree density to decreased soil water
resources during acute summer droughts.

Diferent  approaches  (e.g.  ecophysiological,
dendroecological, growth modelling) used for the evaluaton
of stand density change might give diferent insights [18,
19], but reduced stand density increases water resources,
nutrient and light for the retained trees by decreasing
competton and canopy intercepton [20]. Therefore, stand
opening could facilitate the regeneraton of the surviving
trees afer drought periods [20, 21]. Improved water
availability may reduce the risks of cavitaton for trees
and thus have a positve efect on stomata opening and
consequently also on carbon uptake and growth. The results
by McMahon et al. [22] indicated an increase for living
above-ground forest biomass in the Mid-Atlantc region of
the United States, but failed to account past mortality rates
that could explain the deviaton from the expected rate
of biomass change [23]. Improving carbon uptake should
mitgate further mortality by allowing the remaining trees
to produce enough carbohydrates for their metabolism and
defense against biotc atacks [24]. Gracia et al. [25] showed
that thinning treatments of Quercus ilex L. facilitated to
overcome severe drought episodes. Nevertheless, stand
opening does not ultmately improve water availability since
increasing light intensity may lead to a higher temperature
at the ground level, which results in higher soil water
evaporaton and the development of a dense understorey
vegetaton. A recent study by Misik et al. [26] showed that
Acer campestre L. responded successfully to the foliage gaps
of sessile oak trees by forming a subcanopy layer. However,
the subsequent establishment of grasses afer self-thinning
could prevent retained trees from beneftng from increased
available soil water [27].

The Europe-wide existng forest monitoring system of
ICP (Internatonal Cooperatve Programme on Assessment
and Monitoring of Air Polluton Efects on Forests - Level

I) ofers a suitable, contnent-wide evaluaton of the forest
vitality [28]. ICP was designed to detect and monitor
changes of the health conditon of living tree individuals
annually. Thus, stand level data on Level | plots is not taken
into account, although it might be an important indicator
of the stand productvity for forest managers. In case of
scatered and fragmented forest covers, a considerable
number of grid intersectons may fall outside of the forests,
especially in semiarid regions at the retreatng edge of the
species distributon [29].

We aimed (1) to extend the established and widely
used individual tree-based vitality assessment method with
a stand level-based approach for oak forests near the xeric
limit which incorporates the efects of the former mortality
events through stand density. We have compared the results
(2) of the diferent approaches along a climatc transect in
Hungary.

MATERIALS AND METHODS

Investgated Stands

Forest stands without any forest interventon during
the last 30 years were selected since a middle-aged sessile
oak stand under average weather conditons in Hungary
could outgrow an intermediate thinning (30%) within three
decades [30]. Stands with wind/snow throw, nitrogen
defciency or pest outbreaks were excluded, resultng that
the observed tree mortality was triggered exclusively by
drought-induced mortality.

A 50x50 m quadrat was designated for the analysis in
18 sessile oak stands along the climatc transect from the
humid region in South-West Hungary to the contnental-
semiarid region in North-East Hungary in 2011 (Figure 1).

The 60-100 years old sessile oak stands are situated in
zonal positon without major confounding factors among
the stands (e.g. expositon, steep slope, seeping water). The
mean annual precipitaton sum ranges from 550 mm to 730

FIGURE 1. The investgated sessile oak stands in Hungary
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1) Foliage transparency (H
tree individuals

2) Relatve stand density (D ,), expressed as
the rato of the current density (D,) and
the fully stocked density (D,) of the stand:

o) OF the selected living

Drel% = (Dcu / Dfu) X 100

The fully stocked density of a stand is regulated by self-
thinning [34, 35]. We have applied the yield tables of sessile
oak in Hungary using the average yield class (111.) to determine
the fully stocked density corresponding to the mean stem
diameter of the stand. The yield tables were defned in the
1960s when there have not been any signifcant dry periods
causing mass oak mortality yet, and therefore we considered
these tables describing healthy stands.

These two indicators can be easily combined, i.e.
the health status indicated by the foliage transparency is
modifed by the relatve stand density:
= (D

x (100 - H. )/ 100

Hsta% fol%)

rel%

RESULTS AND DISCUSSION

Relatve Stand Density and Foliage Transparency

The relatve stand density ranged from 57% to 101%
in 2011 in the studied quadrats. As an example, there was
a major diference in the relatve stand density between
two stands (Bak-No.6 and Galgamacsa-No.12) with similar
average stem diameters (33 cm and 30 cm respectvely)
(Figure 2).

The sessile oak stand No. 6 (age: 76 years) is located
in the humid south-west part of the country while No. 12
(age: 100 years) is located near the xeric limit of the sessile
oak distributon. The prolonged droughts in the past have
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reduced the relatve stand density to 65% in No. 12, while in
No. 6 the stand density was signifcantly larger with 101 %.

Field observatons showed that the mean foliage
transparencies were low (below 27%) in all studied stands
with varying relatve stand density.

The Relatonship between the Health Status of the
Stands and the Water Stress Index

The stand level-based method showed that the vitality
status (H,,,,,) of the sessile oak stands was between 70% and
90% in the humid southwestern region of Hungary while it
was below 50% near its xeric limit in 2011 (Figure 3).

Prolonged droughts triggered a signifcant decrease
of the relatve stand density in the semiarid regions, while
foliage transparency of the survived trees did not change
signifcantly.

The determinaton of the relatve stand density by
using yield tables consttuted one of the main uncertaintes
of the study. We assumed that the yield tables defned
50 years ago showed the stand densites for completely
healthy stands. Earlier research on oak in Hungary showed
that the oak decline began only in the second half of the
1970s, and therefore this assumpton could be justfed [36,
37]. Moreover, the applied yield tables were defned for the
whole country based on scatered measurements and not
for specifc forest locatons. For this reason, we included
only the plots with average yield class in the analysis and
used the corresponding values in the yield tables.

The long-term climatc water stress was defned using
a simple water balance model [32] which originally was not
intended to simulate water balance changes in the forested
area. Unfortunately, water balance simulatons could not be
validated against measured soil water content, although the
main aim was only to compare the climate conditons of the
sites to each other. The applicaton of a daily water balance
model was omited due to the need of a large number of
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FIGURE 2. The spatal distributon of sessile oak trees in quadrats No. 6 (a) and No. 12 (b)
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FIGURE 3. The relatonship between water stress index (Is) and the health conditon (H_,,) of sessile oak stands (%) with

triangles and the mean foliage transparency (H,,,)

variables and data to run the model.

The probable cause of the favourable conditon of trees
in the thinned stands was that transpiraton and rainfall
intercepton of the stand have reduced signifcantly due to
the mortality of trees, thus leaving more available water in
the soil for the recovery of the survived trees [38]. This way
not only the available water in the soil has increased, but
also the availability for nutrients.

The potental use of the stand level-based vitality
assessment in forest monitoring is limited due to the fact
that forest stands without any forest interventon for at least
three decades are needed. However, since our results include
long-term changes due to drought events, we propose our
stand level-based method as complementary to the ICP
monitoring. The new method could be implemented on ICP
plots situated in natonal parks, forest gene conservaton
areas and long-term experiment sites, especially along the
xeric limits of tree species.

CONCLUSIONS

We have introduced a new health assessment method
for sessile oak which incorporated relatve stand density
as the indicator of extra tree mortality due to drought
events. 18 sessile oak plots were investgated, on which the
stand density and the current health status of trees were

htp://www.seefor.eu

of sessile oak stands (%) with squares

determined. Additonally, the water stress was calculated for
each plot using a robust water balance model.

The results showed that the current health status of the
stands was good in terms of foliage transparency regardless
of the magnitude of the long-term water stress. However,
if the relatve stand density was included in the evaluaton
then the relatonship between the water stress index and
the health status became strong. The probable reason
for the good conditon of the surviving trees was greater
availability of water and nutrients due to the extra thinning
efect of tree mortality.

The results suggest that forest monitoring should also
consider stand-level data in oak forests while assessing the
health conditon. In our view, this new method provides
a more realistc picture about the sessile oak stands,
partcularly for forest managers interested in changes in
the wood stock of forests. The beter understanding of the
mortality dynamics of oak may also help to predict more
reliably the possible shif of its distributon area due to
future climate change.
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intRODUCtION

The direct and indirect efects of global warming on forest
ecosystems represent a challenge for human well-being in
the near future [1]. Warming trends can infuence vegetaton
paterns by modifying the start and the duraton of the growing
season, and abrupt air temperature increase can alter growth
responses [2].

Climate changes are expected to alter the distributon of
tree-line species in mountainous areas, and most predictve
models forecast an upward displacement of species, tracking
increases in temperatures [3, 4]. However, not all species res-
pond in the same way to climate changes. Special atenton
must be paid also to species such as Pinus heldreichii Christ.,
which grows in high elevatons making it more sensitve to
temperature oscillaton.

Pinus heldreichii Christ (syn. P. leucodermis Antoine) is a
sub-endemic species occurring in isolated subalpine locatons
in the Balkan Peninsula and Southern Italy. The Balkan
Peninsula plays a key role as a climatc transiton zone between
western and eastern Mediterranean and also between the
Mediterranean and Central European synoptcs [5-9].

Previous studies on P. heldreichii have been conducted in
Bulgaria [10, 11], Greece [12, 13], and Albania [14], exploring
growth-climate relatonship of this high elevaton species.
Moreover, summer temperature was reconstructed (1768-
2008) based on maximum latewood density measurements
of P. heldreichii trees from a high-elevaton stand in the Pirin
Mountains in Bulgaria [15]. In Albania, a 1391-year tree-ring
width chronology (617-2008) was developed and maximum
density measurements were acquired on living and dead P.
heldreichii trees [14].

The overall forest area covered by P. heldreichii in Kosovo
is accounted to 2150 ha, and it is mostly mixed with species

like silver fr (Abies alba Mill.). Some natural forest stands of
this species exist in Kosovo, situated in Prevalla (PRE), Koritnik
(KO) and Decani (DE) regions respectvely, but no dendroclimatc
study has been done up to this moment.

The high conservatonal value of such taxa additonally
increases the importance of studies based on tree-ring width
that allow a beter understanding of the radial growth-climate
relatonship, as well as the ecophysiological requirements of
trees [16, 17]. Changes in annual tree-ring width growth could
be due to the efect of environmental conditons, climate
and anthropogenic disturbances. To analyze the infuence of
climatc conditons on growth of coniferous species at the
tree-line locatons, tree-ring widths (TRW) and wood density
chronologies are used [18, 19]. Intra-annual radial growth rates
and duraton in trees of P. heldreichii difer greatly in relaton
to site conditons. Thus, beter knowledge of the relatonship
between TRW development and climate is needed to improve
the current level of dendroclimatc studies in Kosovo and
Albania. In this study, we investgated the responses of P.
heldreichii growth to local climatc variatons in three high
elevaton sites from Kosovo. The aim of this paper was (i) to
study the growth — climate relatonship of P. heldreichii and (ii)
to identfy the main climatc factors driving its radial growth.

MateRials anD MetHODs

study areas and sample sites

The study areas are natural ecosystems located close to the
upper distributon limit of Bosnian pine at Prevalla (42°11°N,
20°57°E; 1945 m a.s.l), Decan (42°36°N, 20°14°E; 1830 m a.s.l),
and Koritnik (42°04’N, 20°31’E; 1815 m a.s.l) in western and

o SLOVAKIA UKRAINE

AUSTRIA

HUNGARY

u Strelc(DECAN)

figURe 1. The locaton of Kosovo (upper lef side) in Europe and of the sampled sites (right side)
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taBLe 1. Site characteristcs of the sampled sites

sampled site Lattude / longitude llfinate aspect soil / rock formaton sampled trees
(mas.l.)
Prevalle N 42°11'01.3" Typical rendzina soils on
(PRE) E 20°57'42.0" 1945 sw limestone bedrock 30
Decan N 42°36'19.8" Brown soils on limestone
(DE) E 20°14'52.5" 1830 Nw bedrock 38
o N 42°04'46.5" Grayish-brown rendzina soils
Koritnik (KO) E 20°31'58.6" 1815 Nw on limestone bedrock 30

southern Kosovo (Figure 1) (Table 1). Soil types are based on
limestone bedrocks creatng leptosols (rendzinas) and brown
soils on higher slopes with slight diferences among sites. At
all sampled sites Bosnian pine is the dominant species while
the ground vegetaton comprises of species such as: Sesleria
autumnalis Ard., Brachypodium sylvatcum Huds., Carex
humilis Leyess., Thymus balcanus L., Fragaria vesca L., Festuca
heterophylla Lam., Dactylus glomerata L., etc. These forest
stands grow under the efect of Contnental climate with some
infuences of Mediterranean climate in the southern Kosovo.
Mean annual temperature varies among sampled sites and
ranges from 8.0°C (PRE-site) to 8.3°C (KO-site), while the long-
term mean annual precipitaton ranges from 791 mm (DE-
site) to 1029 mm (KO-site) (CRU TS3.22 dataset, period 1901-
2013). The weather in the sampled site is characterized by a
non-uniform rainfall distributon, with summers that are very
short and cold as well as with cold winters with lots of snow.

Maximum precipitaton falls from October to December, while
the minimum rainfall is recorded from July to August (Figure 2).
Moreover, natural forest stands of P. helderichii grow on sites
with diferent slope aspects ranging from NW for DE and KO
sites to SW for PRE site.

tree-Ring Chronology Development

The core samples were collected from old dominant and
co-dominant trees with healthy trunks and no sign of human
interference. We extracted two cores from each tree at breast
height (1.3 m) when possible. Otherwise we tried to avoid
compression wood due to steep slopes, compiling a set of 98
new samples from all sites. Core samples were air-dried and
glued onto wooden holders and subsequently sanded to ease
growth ring identfcaton [20]. The TRW were measured at
0.001 mm precision, with a LINTAB 6 (RINNTECH, Heidelberg)
system and TSAP-Win Scientfc sofware. Then they were cross-
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growth-Climate Relatonship

We tested the response to temperatures and precipitaton
from the previous year’s May to the current October of
TRW formaton for the three site chronologies (Figure 4).
All correlatons computed over the common period 1951-
2013 were not high (maximum r-value: 0.37 for DE versus
July precipitaton). From all 108 correlatons calculated for
temperature and precipitaton together, only 16% reached the
95% signifcance level. These facts underline the existence of
divergent correlaton paterns among the three studied sites
emphasizing the important role of local conditons on Bosnian
pine’s growth. Regarding the site-specifc paterns, the DE
chronology seemed to be slightly more sensitve to current
summer precipitaton variatons than other sites.

In case of KO site, tree growth was correlated negatvely

to the temperatures of previous July, August and September
as well as June of the current growing year. Moreover, growth-
climate relatonship showed that P. heldreichii’s growth was
positvely correlated with previous August and negatvely
associated with current May precipitaton. The negatve
response to previous summer temperatures and the positve
correlaton to previous July precipitaton suggest that Pinus
heldreichii’s growth from KO site is mainly controlled by
drought conditons.

Bootstrap correlaton analysis showed that PRE
chronology was correlated positvely to the temperatures of
current January and February and the precipitaton of previous
May, October and July of the current growing year. An adverse
relatonship was noted with previous June and current April
precipitaton. The main climatc factors stmulatng growth in
this high-elevaton site were favorable temperatures during

taBLe 3. Comparison between all three P. heldreichii chronologies from Kosovo

prevalle (pRe) Decan (De) Koritnik (KO)
sampled sites
t-BP GLK % t-BP GLK % t-BP GLK %
Prevalle - - 7.1 66 6.8 59
Decan 7.1 66 - 12.3 71
Koritnik 6.8 59 12.3 71 - -
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current January and February associated with a positve water
balance in July. Growth—climate relatonships over the last 62
years, however, indicate that tree-ring formaton in KO and PRE
sites does not depend on one single dominant factor, but rather
on various combinatons of precipitaton and temperature in
certain months resultng in a temporal alteraton of climatc
sensitvity.

DisCUssiOn

Chronology Characteristcs
We performed this investgaton to assess the impact of
climate on Bosnian pine’s growth and to evaluate its response.
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SEP P
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Months

figURe 4. Bootstrap correlaton coefcients between residual chronologies and temperature (lef) and precipitaton (right) -
asterisks on the top of the bars indicate 95% signifcance level of the correlaton coefcient

We were able to develop three TRW chronologies from
Kosovo region reaching a maximum of 541 years back in tme
(from 1474 to 2014). Although the replicaton of the dataset
decreases back in tme, the EPS threshold varies among sites
spanning from ~1770 for DE-site to 1920 for PRE site. The
quality of such chronologies could be further increased in
earlier periods by adding more cross-dated series. We note
that an increase of tree-ring widths and consequently indices
was observed during the de-trending procedure for the last
six decades in all chronologies. The most common periods
showing a TRW increase were 1965-1970, 1978-1981, and
1987-1991, whereas the periods with radial growth decrease
were diferent between site chronologies. The radial growth
which increased during the second half of the twenteth
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the gridded CRU data for the study region. In all studies, the
correlatons between TRW and various instrumental climate
data (monthly temperature and precipitaton) were relatvely
weak and not robust over the 20" century proxy-target
period. Even for the western Mediterranean basin, similar
results based on three conifer species from the Pyrenees were
reported [33].

We found strong relatonships between tree-ring
chronologies and summer precipitaton of the current
growing year for DE and July precipitaton for the PRE site.
The locaton of these stands in high mountainous areas is
positvely afected by local humid currents helping trees to
avoid the negatve efects of summer droughts [17]. The
strong relatonship between KO residual chronology and
climate conditons of the years prior to the growth indicates
that in this tree-line locaton, the growing period is relatvely
short and the most actve tracheid formaton occurs at the
beginning of summer [34]. Therefore, for the producton of
wide tree rings the combinaton of early cambial actvity start
with enough available resources, i.e. stored carbohydrates and
other substances produced in the previous growth period, and
favorable climate conditons during the late spring and early
summer months of the growth year is needed. The efect of
climate in the previous year is expressed by strong frst-order
autocorrelaton ofen found in tree-line trees [35] and also in
our series.

Signifcant correlatons with precipitaton in certain
months of the previous growing season were found at all
sites. The persistence of this climatc signal in the subsequent
years is linked with soil moisture reserves for the subsequent
growing season. Our study revealed that young trees in the
KO site growing under drier conditons were more sensitve
to summer drought stress, as refected by the negatve
correlatons with June temperatures and positve correlatons
with July and August precipitaton. Tree age is important
not only for tree-ring formaton but also for growing trends
and should be taken into consideraton when exploring the
growth-climate relatonship. Previous studies have shown that
the duraton of wood formaton in conifers was shorter in old
than in young trees [36]. This study reported that young trees
were characterized by an earlier onset of xylogenesis, a longer
growing season and a higher growth rate, resultng in a higher
number of xylem cells. One possible explanaton for the earlier
onset of xylogenesis in young trees is that the base of the stem
is closer to the crown and hence to the source of auxin than
in old trees [16]. Moreover older trees have larger diameters
and thicker barks, which could negatvely infuence the spring
dynamics of stem warming. Compared to young trees, old trees
have a higher hydraulic resistance and lower photosynthetc
rates, which might potentally increase the climatc sensitvity
refected in P. heldreichii growing at DE site [16, 37, 38].

Positve correlatons with current winter temperatures
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reported at all three sites showed that mild winters have
a positve infuence on snow meltng or rainfall. From a
physiological point of view, winter temperatures cannot
directly infuence cambial actvity since the trees are dormant.
However, during warmer winters, more precipitaton falls
as rainfall, rather than as snow [39]. In our case, it is more
probable that precipitaton in cases with warmer winter
temperatures is in the form of wet snow, which on its side is
less prone to wind transport and immediate sliding along steep
slopes and therefore could contribute to a deeper snow cover.
This can provide more soil moisture afer snowmelt and could
be a prerequisite for increased cambial actvity given that
other conditons are favorable.

We expected a stronger thermal signal because the
research sites were situated at high elevaton and the low
temperature is assumed to be the main driver for tree growth.
Although sampling in Kosovo was conducted at the highest
forested elevatons (up to 1945 m a.s.l.), our sampled sites
might not fully represent typical tree-line conditons. For
instance, the thermal tree line of Pinus heldrechii at the Olymp
(Greece) ranges from 2200 to 2400 m a.s.l. with the krummbholz
zone even reaching elevatons of 2500 to 2700 m a.s.| [12].
Kdrner [40], on the other hand, stated that Mediterranean
tree-line sites do not show a clear temperature controlled
growth patern compared to the Alpine region and that it is
questonable if sampling at the upper zone provides more
defned growth control. Therefore, follow-up studies should
be based on tree-ring parameters such as maximum latewood
density and stable isotope ratos that are expected to be more
climate sensitve in the area.

CONCLUsIONs

The frst TRW chronologies from Kosovo are an important
step towards a denser tree ring network in the Balkan region.
Growth-climate relatonships indicated that P. heldreichii’s
growth does not depend only on one single dominant factor,
but on various combinatons of precipitaton and temperature
resultng in diferent climatc sensitvity. Our results provide
an important basis for additonal tree-ring parameters such
as maximum latewood density and stable isotope ratos to be
processed, improving the understanding about P. heldreichii’s
response versus site conditons.
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ABStrAct

Background and Purpose: The aim of this artcle is to create a virtual forest stand based on the feld measurement of
spatally separated sample plots and to examine its credibility based on the deviaton of the basic characteristcs of the
virtual stand as compared to the feld measurements.

Material and Methods: Field measurements were made on 20 circular sample plots with a 20 m radius, set on a
100x100 m grid. By using the univariate Ripley’s K functon the regularity of the spatal patern of trees was analysed. The
diameter distributon and the frequencies of height within individual diameter class were mathematcally fted and used
for generatng the virtual stand. The whole process of generatng the virtual stand was done in the R sofware. Area of study
are even-aged silver fr stands in the Croatan Dinarides.

results: The main unit of the virtual stand is a tree, with the purpose that the virtual stand can then be used as a basis for
forest stand growth simulators. The result of the research was a virtual stand of 3 ha whose characteristcs only slightly
difered from the feld measured plots. Within the virtual stand, special emphasis has been put on tree heights, which were
generated according to the variability of tree height for trees of the same diameter at breast height.

conclusions: Considering the distributon of diameters at breast height, tree heights, the number of trees, basal area
and volume, the virtual stand has minimal deviatons from the situaton in the feld and it adequately shows variability

measured in the feld.

Keywords: virtual forest, forest planning, Ripley’s (K) analysis, distributon f&ng, R sofware

introbDUctiOn

Prior to planning forest management, feld measure-
ments have to be done in order to obtain main forest
characteristcs. Because of its complexity and labour cost,
feld measurements are usually carried out on a previously
chosen sample area, and not in the entre forest area [1-
3]. This assumes that the unmeasured parts of the stand
have the same or similar characteristcs as the measured
parts with the given confdence interval. The sample usually
consists of many relatvely small and spatally separated
areas (e.g. 500 m?in size) in order to estmate the variability
in statstcal analysis, but it does not enable insight into the
entre stand. By compilaton of spatally separated plots
into a single coherent plot, forest stand can be shown in
its absolute area [4-7] and as such it can be used in forest
tree growth simulators [8] for the purpose of planning

future forest management [4, 9-12]. Also, the compilaton of
spatally separated plots into a single coherent plot reduces
the costs of the total measurement of structural elements of
the entre stand [9]. Apart from the possibility of using virtual
stands as a startng point for future forest management
simulaton, they can also be used for comparison between
the present and the future value of forest resources [13].
Trees which belong to a stand can be classifed according
to their mutual positon into three basic spatal paterns:
i) clustered, ii) random, iii) regular [14]. This classifcaton
treats forest as two-dimensional in its form, which difers
from defning its structure as three-dimensional [11].
Pommerening [11] also stressed that most of the measures
which describe the forest structure can be classifed
into two groups according to mathematcal relatons:
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distance-independent and distance-dependent. The spatal
distributon of trees and their interrelatonship based on tree
species, diameter and similar factors, is primarily the result
of the impact of habitat, but also of forest management.
Stands consistng of several diferent tree species of diferent
age and size are the most complicated for modelling [5, 11],
unlike even-aged and pure stands.

Generatng virtual forest stand is conditoned by the
type of simulator which will simulate future theoretcal and/
or practcal management. According to Pretzsch et al. [15]
and Ngo Bieng et al. [5], there are three levels of forest stand
growth simulators (single-tree level, diameter class level
and stand level). The classifcaton is always conditoned
by the basic input data [15], while it refers to the level of
simulaton [16] . Simulators based on individual trees are the
most complex and they require detailed data about every
single tree in the stand. It is especially important that the
virtual stand of a single-tree level realistcally represents the
measured stand [17] so that the results of the simulaton of
management would be more realistc. When generatng such
a virtual stand, the spatal distributon of trees plays a crucial
role. By directly joining separated spatal sample plots, the
resultng spatal distributon of trees would not match the
spatal distributon in the feld because of the marginal trees
of spatally adjoining plots. Therefore the spatal distributon
of trees in a virtual stand has to include all the factors of
spatal occurrence of trees in the feld [8, 11, 17]. Virtual
stand can cover a much larger area than the spatal sample
based on which it was generated [4-6, 8], which is one of the
reasons for creatng a virtual stand in the frst place. The aim
of this artcle is to create a virtual forest stand based on the
feld measurement of spatally separated sample plots and
to examine its credibility based on the deviaton of the basic
characteristcs of the virtual stand as compared to the feld
measurements.

MAEEriAl AnD MEtHODS

Study Site and Data collecton

The study was conducted on an area of even-aged pure
forests of silver fr (Abies alba Mill.) in Lika region, located
in central Croata (management unit Skamnica 44°58'N,
15°08°E). In forest of management unit Skamnica alttudes
vary between 430 and 828 m a.s.l. Main soil types are
limestone and dolomite. According to K&ppen classifcaton,
the climate is marked as Cfwbx. Because of being even-
aged and consistng of only one tree species (>95% of
growing stock), this type of forest is rarely found in forest
management of European fr forests [18]. Stands which
belong to the observed forest are extremely similar to each
other in terms of tmber stock, stand basal areaand increment
[10]. The study site (management unit Skamnica) covers an
area of 1833 ha, while the spatal sample obtained by feld
measurements is narrowed to a secton (subcompartment)
of 22.21 ha (Figure 1a).

Within a 100 m square grid oriented according to
cardinal directons a total of 20 circular sample plots with
20 m radius were positoned. All trees within the plot
(silver fr, beech (Fagus sylvatca L.) and other broadleaved
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hardwoods (OBH)) with a diameter at breast height (dbh)
over 10 cm were measured. For every tree, its species, the
specifc positon in the three-dimensional space, dbh, and
absolute height were determined according to the Croatan
Natonal Forest Inventory (CRONFI) feld procedures [19].
Regarding the tree species and the status of the tree (dead/
alive) four subpopulatons were determined: fr-alive, fr-
dead standing, beech, and broadleaved hardwoods. The
total sampled area was 2.512 ha, which makes 11.3% of the
studied stand’s area. Field measurements were conducted
during 2013 afer selectve felling.

Spatal Structure Analyses

Ripley’s K(r) is a univariate functon [20-22] used for
the analysis of spatal structure. This functon is based on
the distance between all of the trees in a two-dimensional
space [21], and itis ofen used in the analysis of spatal point
paterns of forest ecosystems [23]. According to Ripley [20]
and Ngo Bieng et al.[5], “Ripley’s K functon is a functon of
the mean number of other trees found within distance r from
a typical tree and it defnes diferent degrees of random,
clustered or regular spatal organisaton”. In this study
distance r around every tree is represented by a sequence
of concentric circles with 0.5 m intervals. According to Besag
and Diggle [24], L(r) square-root transformaton of the main
K(r) functon was used.

The null hypothesis of the univariate functon K(r)
claims that there is no statstcally signifcant diference
between the spatal patern of trees and the totally random
spatal patern, i.e. claiming that trees are randomly
distributed. The confdence interval of totally random
patern was calculated by Monte Carlo simulaton [25] with
99 repettons of Poisson’s distributon [26]. The analysis was
done with R sofware [27] using the “spatstat” package [28].

Generatng Virtual Stand

Based on the analysis of spatal structure on all 20 plots
avirtual stand was generated with a given conditon that the
spatal patern of trees for all subpopulatons is identcal to
the patern in the feld. The spatal patern was generated
with “stats” package, which is part of the R sofware [27].
The generated virtual stand is square-shaped and has an
area of 3 ha (Figure 1b).

Furthermore, the virtual stand is assigned with
additonal conditons which describe positons measured
in the feld. The simulated positons of trees are associated
with the corresponding subpopulaton (tree species and the
conditon of being alive/dead), dbh and tree height. The
associaton process consists of several parts:

i) The category of subpopulaton (tree species and the
conditon of being alive/dead) has to be the same as
in feld measurements;

i) The dbh distributon in spatal structure. According
to Jaworski and Podlaski [29] and Burkhart and
Tomé [30], the diameter distributon with diameter
classes of 5 cm is fted by using one of the following
functons: normal distributon [31], logarithmic
normal distributon [32], Weibull’s functon [33] or
gamma distributon. The fted distributon which
has the lowest values of parameters AIC and BIC is
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FIGUrE 1. The spatal patern of feld measurements (a) and the generated virtual stand (b).

taken to be optmal, as according to Dziak et al. [34].
The ftng was done using the “ftdistrplus” package
[35], which is a part of the R sofware [27]. The fted
distributon is associated with the allocaton of the
corresponding subpopulaton in the area.

iii) The distributon of tree heights depending on dbh.
The measured heights within a diameter class (5
cm) always include some variability. The measured
heights were taken for every diameter class
separately and their distributons within the class
were mathematcally fted as described in ii). Afer
this, the fted distributon of heights was associated
with the corresponding fted dbh.

Virtual Stand Validaton

Deviaton of the measured characteristcs of the virtual
stand from the feld measurements were analysed by
diameter classes for every stand variable separately (the
number of trees, basal area and volume). Also, two-sided
K-S test [36, 37] was used for determining the statstcally
signifcant diference between them using the “stats”
package [27], with signifcance level being 0.05. The test was
conducted separately for each specifc subpopulaton (tree
species, alive-dead) and in total for all the subpopulatons
together, i.e. for the entre stand.

results

Field measurements (Table 1) confrmed silver fr as the
most frequent tree species in the study area. More than
80% of silver fr’s tmber stock is concentrated in diameter
class’s span between 37.5 cm and 62.5 cm, with diameter
distributon characteristc for an even-aged stand (Figure
3a). Other subpopulatons (dead standing fr trees, beech,
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other broadleaved hardwoods) in tmber stock are together
represented by only 2.47% and on average do not achieve
dbh greater than around 30 cm (Table 1).

The analysis of the spatal structure with the univariate
Ripley’s K functon was conducted for every sample plot
separately (Figure 2). On a total of 19 plots, the spatal
distributon of trees is random and it follows Poisson’s
distributon while trees are grouped on one of the plots. The
criterion of random spatal distributon of trees is refected
in the comparison of the transformed Ripley’s L(r) analysis
for individual plots and Poissons’s random distributon
(Figure 2). The result of clustered spatal paterns are groups
of young trees (dbh=15-25 cm), which are situated on
more open parts of the stand. From the results of the two-
dimensional analysis it can be observed that the clustered
patern of trees is an excepton, while random patern
prevails. Silver fr trees form the main stand (the upper
storey), while other tree species can be found individually in
the bush layer, i.e. in the lower storey.

According to the characteristcs of the measured stand
(Table 1), the number of trees in the virtual stand which
were generated contained 375 trees-ha?, out of which 315
trees-ha were silver fr (alive), 43 trees-ha* were silver fr
(standing dead), 12 trees-ha® were beech and 5 trees-ha?
other broadleaved hardwoods. The spatal distributon of
dbhs (Figure 1b) was generated based on the analysis of
spatal paterns of individual subpopulatons (Figure 2). The
relatve coordinates (x, y) within the stand were associated
with the fted diameter distributon (Figure 3). Although
in some subpopulatons the feld measurements did not
determine the presence of trees in every diameter class
(Table 1), in the process of distributon f&ng all classes were
used for generatng the virtual stand (Figure 3).

The coeFcients of determinaton (r?) ranged from 0.70
to 0.85. The fted distributon for the subpopulaton of alive
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tABIE 1. Stand structure based on the measured feld plots: stand density (N, trees-ha*), basal area (G, m?-ha?), volume (V, m*ha?).

Abies alba Mill. Abies alba Mill. Fagus sylvatca I. OBH*
dbh Alive Dead standing Alive Alive 2
(cm) N G v N 6 v N G v N G v N R
(trees-hat) (m?ha't) (m*ha) (trees-ha) (m?ha?) (m*ha?) (trees-ha?) (m*ha) (m3ha?) (trees-ha?t) (m>ha') (m*ha?) (trees-hat) (m>ha) (m*ha?)

125 13 0.16  0.89 20 024 095 7 0.08 043 2 0.02 015 41 051 242
175 22 054 419 11 0.27 155 2 005 0.38 35 0.85 6.12
225 20 0.83 883 6 024 185 1 003 021 2 0.07 0.62 29 116 1151
215 27 1.62 19.36 3 019 112 1 005 071 31 186 21.19
325 33 2.78 3562 1 0.09 1.00 1 004 037 36 291 3699
375 44 491 6749 1 0.05 0.63 45 496 68.13
425 45 6.26 89.64 1 0.06 090 1 010 144 46 6.42 9198
475 47 8.38 122.93 1 0.07  1.09 48 8.45 124.02
52.5 31 6.65 99.44 1 0.08 118 32 6.73 100.63
57.5 20 519 7851 20 519 7851
62.5 9 2.67 4001 9 2.67  40.01
67.5 2 085 1297 2 0.85 1297
725 1 015 228 1 015 2.28
775 1 037 5.66 1 037  5.66

v 315 4136 587.83 43 118 855 12 033 346 5 023 258 375 43.09 60241

Share (%) 84 95.99 97.58 1 273 142 3

0.75 057 1 052 043 100 100 100

* other broadleaved hardwoods

1)

10 15 20

r(m)

FIGUrE 2. The results of univariate Ripley's (K) analysis for silver fr on all plots. Black lines represent the transformed values of
Ripley's (K) analysis for the distance 0-20 m for each plot. The area of Poissons's random distributon with confdence interval

of 95% is shown in grey.

silver fr had the highest coeFcient of determinaton, which
was 0.85. For the subpopulaton of dead standing beech the
coefcient was 0.79, for beech it was 0.70, and for other
broadleaved hardwoods 0.82.

Tree height is a functon of the tree’s dbh, which at this
stage of generatng virtual stand is already determined by
its dimension and positon. Figure 4 shows the comparison
between the measured and the generated heights of alive
and dead standing silver fr trees. Every diameter class was
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associated with the number of tree heights proportonal
to the number of heights of that diameter class measured
on the plots. Tree heights of beech and other broadleaved
hardwoods were not generated by mathematcal f&ng
because of the extremely small number of them (beech 12
trees-hal, other broadleaved hardwoods 5 trees-ha?), but
feld measured heights were used instead.

The virtual stand generated this way includes the
variability of the sampled actual stand. Mathematcal
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FIGUrE 3. Diameter distributons for: alive silver fr (a), dead standing silver fr (b), beech (c), other broadleaved hardwoods
(d); histograms represent sample plot data, line - mathematcally fted distributon.
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FIGUrE 4. The comparison of measured and generated heights for alive (1) and dead silver fr trees (2).

ftng of diameter distributon and the distributon of tree
heights resulted in partcular deviatons from the actual
situaton (Table 2). The comparison shown in Table 2 was
done on the level of one hectare. The greatest deviatons
in distributons were recorded for alive silver fr trees (the
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number of trees -5 trees-ha?, basal area 0.36 m>ha?, and
volume 4.21 m*ha?). The results show that diameters at
breast height for silver fr of medium diameter classes (37.5-
62.5 cm) have the greatest deviatons, while for the lowest
and highest diameter classes the deviatons are signifcantly
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tABIE 2. The deviaton of the structural elements of the virtual stand from the plot data: stand density (N, trees-ha!), basal

area (G, m>ha?), volume (V, m*ha?).

Abies alba Mill. Abies alba Mill. Fagus sylvatca I. OBH*
dbh Alive Dead standing Alive Alive 2
(cm) N G v N G v N G v N 6 v N G v
(trees-ha™) (m?ha't) (m*ha') (trees-ha) (m?ha?) (m*ha?) (trees-ha?) (m*ha?) (m*ha?) (trees-hat) (m>ha') (m*ha?) (trees-hat) (m>ha) (m*-ha?)
125 -5 0.00 -011 -8 0.00 -0.30 0 0.00 0.00 0 0.00 0.00 -13 0.00 -0.41
175 9 0.00 -1.29 5 0.00 167 0 0.00 0.00 0 0.00 0.00 4 0.00 0.38
225 1 0.00 -0.03 4 000 176 0 0.00  0.00 0 0.00 0.00 3 000 173
275 8 040 554 1 000 117 0 0.00  0.00 0 0.00 0.00 9 040 6.71
325 1 010 099 1 000 155 -1 0.00 -0.10 0 0.00 0.00 1 010 244
375 6 070 981 1 000 032 0 0.00  0.00 0 0.00 0.00 7 070 1013
425 6 090 11.60 -1 0.00 -0.10 1 0.00 -0.20 0 0.00 0.00 4 090 11.30
475 -10 -2.00 -27.60 0 0.00 0.00 0 0.00  0.00 -10 -2.00 -27.60
52.5 6 -1.00 -22.90 -1 0.00 -1.20 -7 -1.00 -24.10
57.5 1 030 520 1 030 520
62.5 1 040 564 1 040 564
67.5 1 030 4.98 1 030 498
725 2 1.20 18.00 2 120 18.00
775 1 0.00 -5.66 -1 0.00 -5.66
Y 5 040 421 2 0.00 548 -2 0.00 -0.30 0 0.00 0.00 -6 130 874
Average 043 003 030 0.22 003 054 -025 000 -004 0.0 000 000 -043 005 0.62

St.dev. 5.44 0.80

1240  3.70 0.10  1.00 0.46

000 0.07 0.00 0.00  0.00 6.30 080 12.60

* other broadleaved hardwoods

smaller. The diference of the virtual stand to the sample
plots was calculated only up to those diameter classes
for which the presence of trees was determined by feld
measurements.

In total, in the virtual stand the volume is greater only
by 8.74 m®ha?, basal area is greater by 1.30 m*ha?, and
the number of trees is smaller by 6 trees-ha’ (Table 2) as
compared to the results of feld measurements (Table
1). The deviaton for volume, shown in percentage (%), is
1.46%, for basal area it is 1.36% and for the total number
of trees -1.06%.

Table 3 shows the results of the Kolmogorov-Smirnov
test (K-S test) for the distributons of measured and
generated values for dbh, tree height and volume of
individual trees. With respect to the D value of the K-S test,
deviatons between the cumulatve relatve distributons of
the two stands (measured and generated) are tested. The
K-S test deviatons for the subpopulaton of beech were
minimal, but the statstcally signifcant diference between
dbh and volume was recorded for the subpopulaton of dead
standing silver fr. According to this test, the subpopulaton
of alive fr does not have a statstcally signifcant deviaton
from the situaton in the feld, which is especially important
because this subpopulaton makes 97% of growing stock and
84% of the number of trees in the stand. Also, in total (the
comparison on the level of the entre stand) the diference
is not signifcant.

124 SEEFOR7 (2): 119-127

DiScuUSSion

Directly joining spatally adjacent plots into a single
coherent plot would result in an incorrect spatal structure
of trees in the areas where the adjacent plots are connected
[11], but there is also a possibility of using such plots as a
basis for forest stand growth simulators [38]. In the virtual
stand the simulated spatal organisaton (x, y) does not have
identcal distances between trees to those measured in the
feld, but the whole virtual stand meets the requirement
of the spatal patern (regular, clustered or random) with
respect to the results of Ripley’s spatal analysis of individual
subpopulatons [5, 8-10]. Some authors [5, 6, 9, 11] agree
with the claim that random distributon of trees is the most
common and that generatng a virtual stand according to
random distributon is a less signifcant mistake. The only
possible mistake caused by spatal patern of trees might
be found if the virtual stand is connected with forest stand
growth simulators. In that case, the result of the stand’s
future development can to some extent be infuenced
by the mutual positon of subpopulatons [9, 39, 40].
The disadvantage of the majority of virtual stands is not
taking into account the three-dimensional aspect of the
forest [41]. The analysis of spatal structure, as well as the
generatng of the relatve coordinates (, y), generally refers
to the analysis of horizontal projectons of trees’ positons.
However, it is possible to generate relatve coordinates of
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tABIE 3.The results of the Kolmogorov-Smirnov test for the comparison of the distributon of the measured and generated

values.
Abies alba Mill. Abies alba Mill. Fagus sylvatca I.
8 Alive Dead standin Alive .
test g
dbh Height  Volume dbh Height  Volume dbh Height  Volume dbh Height  Volume
N1/N2* 800/933 75/135 30/33 915/1111
D 0.054 0.061 0.061 0.290 0.102 0.216 0.069 0.042 0.072 0.043 0.035 0.040

pvalue 0.1585 0.0763 0.0792 0.0005  0.4911 0.0219 1.0000  1.0000  1.0000 0.2950  0.5434 0.3679

* the rato between the number of measured and the total number of generated trees

D - maximum diference of cumulatve values

trees by using digital terrain model (DTM), but the horizontal
projectons would be identcal. This is also corroborated by
the characteristcs of forest stand growth simulators which
mostly work with horizontal surfaces [15]. The object of this
research is characterised by up to 10% of inclinaton which
could be ignored without having any signifcant mistakes
as a consequence in further simulatons of this stand’s
management.

In this research, the analysis of spatal distributon
was done with the univariate Ripley’s functon for every
individual subpopulaton. Even though the subpopulaton of
silver fr (alive) holds more than 97% of tmber stock, the
bivariate analysis was not done because the contributon of
other subpopulatons was too small. In case there are more
subpopulatons and all of them are represented by 10% or
more, itis possible to conduct an adequate bivariate analysis
for all populatons, as it was done by Pretzsch [8], Goreaud
et al. [42] and Grabarnik and Sarkka [43]. In other words, in
this paper the subpopulatons were analysed independently
of each other because only one subpopulaton was
dominant. In case of an even-aged pure stand of silver fr,
the assumpton taken was that there was no signifcant
spatal interacton between the subpopulatons.

Tree height is a functon of its diameter at breast
height and it is natural that trees of the same diameters at
breast height are of diferent heights [44-47]. In this study
tree heights were not associated with their corresponding
diameter based on height—daimeter equatons (e.g. by using
Michailof’s functon [48]), beacuse the fted height curve
does not describe variability within the same diameter class
and thus reduces the variability of heights of real forest
stand. Therefore in this study the variability of heights
was associated with the corresponding diameter at breast
height in a way that the distributon of heights within the
same diameter class were taken into account (Figure 4). The
presented way of generatng virtual stand in this segment
difers from the majority of similar studies.

When simulatng a virtual stand it is fully expected that
some deviatons from feld measurements will occur (Table
2). The comparison presented in Table 2 has been done on
the area of one hectare, which is an adequate measure for
this purpose. The virtual stand was generated based on a
methodology which will always, on average, result in the
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same characteristcs, no mater the size of the area. The
Kolmogorov-Smirnov test was done for all measured trees in
the feld (2.512 ha) and all trees belonging to the 3 ha area
of the virtual stand. The deviatons were primarily a result
of the mathematcal fng of diameter distributon and the
variability of tree heights within the same diameter class.
Although the best possible f&ng functons were used, they
are stll equatons, and therefore they cannot completely
stochastcally describe all the variability in a forest stand
[29]. In Figure 3 it can be seen that partcular subpopulatons
are not contnuously represented in all diameter classes, but
appear intermitently in fted distributon. In such cases,
due to using contnuous mathematcal functons, the result
of ftng always has to be greater than zero (Figure 3). There
are no deviatons for the subpopulaton of other broadleaved
hardwoods because the dimensions are identcal to those
measured in the feld, so neither the K-S test is shown in
Table 3. The distributons for this subpopulaton are identcal
in the measured and in the virtual forest because of a very
low frequency of only fve trees per hectare, which was
easier to generate.

The fnal result of this study is a virtual stand of 3 ha.
According to Cavlovi¢ et al. [49], and Cavlovié and Bozi¢ [50],
that is the minimal area on which it is possible to establish
a selectve structure in the range of beech-fr forests of the
Croatan Dinarides. On the other hand, the minimal stand
area for sustainable even-aged forest management is one
hectare. Therefore this generated area of the virtual stand
is at the same tme the universal and the minimal area for
further management simulaton in its two basic forms: the
selectve and the regular form. This is corroborated by the
fact that silver fr supports both forms of management
[10]. For the aforementoned management simulaton, the
virtual stand should be connected to one of the forest stand
growth simulators on the level of one tree. Although this is a
virtual stand in which for every tree many characteristcs are
known (positon, species, diameter, height), the projecton
of future management which involves felling on the level of
a single tree would be made difFcult and very impractcal
for a virtual stand with a larger area (e.g. 10 ha, 20 ha or 50
ha). An area of 3 ha enables the user to decide in a relatvely
short period of tme which tree should be cut, but that the
result of management simulaton is the same as the result
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from a much larger area.

Before generatng a virtual stand, data have to be
collected by feld measurement. Forest management and
inventory is prescribed by the regulatons of a partcular
country. In intensive standwise inventories forest stands
are measured cyclically every ten years in order to develop
management plans. However, those data are stll not enough
for generatng a virtual stand. What is missing are the data
about the spatal patern of trees. This kind of research
leads to the possibility of updatng the abovementoned
data with the spatal structure which can be determined in
a relatvely short tme and at low cost. Stands are already
organised based on the structural similarites within them
S0 it is expected that the spatal patern and analysis within
them would be the same. This way it is possible to create
entre virtual forests [16].

cOncluSion

Considering the distributon of diameters at breast
height, tree heights, the number of trees, basal area and
volume, the virtual stand has minimal deviatons from the
situaton in the feld and it adequately shows variability
measured in the feld. Variability is an inherent component

of the most common stand characteristcs which has to
be determined when planning and managing forests. It
is obvious that the characteristcs of ground vegetaton,
shrubs, ground water and the like would not match the
situaton in the feld. However, the presented methodology
can have its role in ecology and can upgrade the process of
generatng virtual stands.

The virtual stand generated as part of this research can
be used as a basis for forest stand growth simulators whose
basic unit is a single tree and this way it can examine various
future scenarios for managing both forest stands and entre
forests. In that case, a virtual stand has to be generated for
every part of the area managed as a separate stand (sub-
compartment), because the virtual stand represents only a
single stand within the entre forest. Virtual stands can be
used in several diferent branches of forestry for which the
size of the area is the most important factor, for example
in landscape management. As part of a long-term forest
management planning, generatng virtual stands and using
them in forest stand growth simulators should become a
standardized procedure with the aim of predictng future
forest characteristcs as realistcally as possible. The logical
contnuaton of such plans is using forestry economics
in order to provide an answer to the queston of which
potental future scenarios are economically justfable.
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Less commonly, species such as Betula, Ulmus, Pinus, Quercus,
Salix and Acacia are also used in the producton of propolis
by bees [6, 7]. For the frst tme, the chemical compositon
of the cutcular waxes of poplar clones from Serbia was done
and the results of GC/MS analysis showed that there are no
signifcant diferences in presence of alkanes: n-nonacosane,
n-hexacosane, n-untriacosane and n-octacosane within leaf
wax of these three clones [8].

Chemical content of the surface resins from three poplar
clones was in the focus of this research. This type of chemical
analysis of the surface resins from any fast-growing tree species
from Serbia has previously not been undertaken.

MATERIALS AND METHODS

The Sampling of Plant Material

Five terminal twigs cutngs with healthy leaves of
diferent development stage from two year old seedlings of
M1 (Panonnia) poplar clone (Populus euramericana L.), cl. PE
19/66 and cl. B229 (both belonging to Populus deltoides) were
sampled at the same tme from the nursery collecton of the
Insttute of Lowland Forestry and Environment, University of
Novi Sad. The collectons were grown as separate plantatons,
consistng of seedlings of the same age and origin, and
infuenced by the same climatc and weather conditons since
they have been grown in the open. The two Populus deltoides
clones B-229 and PE 19/66, and the hybrid P. x canadensis
clone M-1 have previously been reported to be suitable for
high biomass plantatons [9-11]. Populus deltoides clones
such as PE 19/66 were showed greater net photosynthesis
than hybrid poplars (e.g. M-1), but hybrids were superior
in water use efciency [12]. The collectons are part of the
experimental Ka¢ Forest estate located north-east from the
city of Novi Sad, near the Ka¢ village (N45° 17’ 41” E19° 53’
30"). The genetc structure of the M1 and B229 clones has
previously been determined through SSR and AFLP marker
system and published, confrming the specifc DNA profle of
two diferent species originatng from this nursery collecton
[13]. As the objectve of the study was to examine the chemical
compositon and not the variability between single plants, the
results were obtained for one pooled sample of terminal twigs
cutngs with leaves from fve plants per cultvar.

Preparaton of Resin Extracts

Terminal twigs cutngs were immediately transported in
sterile plastc botles (5 mL volumes) on ice to laboratories of
the Centre for Instrumental Analysis in Belgrade. Poplar clones’
surface resins were washed out from the terminal shoots
with 10 mL dichlormethane. Aferwards, the extracts were
evaporated under a stream of N, for 23 minutes and dissolved
in methanol at a concentraton of 10 mg/mL, respectvely.

HPLC/MS-TOF Analysis

High-resoluton Liquid Chromatography/Photo-Diode
Array/Electro Spray/Time of Flight mass spectra (HRLC/PDA/
ESI/TOF MS) were measured on a HPLC instrument (Agilent
1200 Series) equipped with an autosampler, using a Zorbax
Eclipse Plus C18 analytcal column (1.8 pm partcle size, 4.6 x
150 mm i.d., Agilent Technologies), and a PDA detector (DAD)
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coupled with a 6210 TOF LC/MS system (Agilent Technologies).

The mobile phase for HRLC/PDA/ESI/TOF MS was 0.2%
formic acid in water (A) and acetonitrile (B), and analyses were
carried out under the following conditons: (0-3 min) 10% B,
(3-8 min) 10-25% B, (8-11 min) 25% B, (11-18 min) 25-30% B,
(18-48 min) 30-40% B, (48-68 min) 40-60% B, (68-88 min) 60-
90% B, (88-100 min) 90% B, (100-101 min) 90-10% B, and (101-
120 min) 10% B. The fow rate was 1.20 mL:-min’, the injecton
volume was 5 pL, while the temperature of the column
oven was set at 40°C. UV Spectral data from all peaks were
accumulated in the range of 190-450 nm and chromatograms
were recorded at 280 nm. MS data have been collected by
applying the following parameters: ionizaton, negatve ESI
capillary voltage 4000 V, gas temperature 350°C, drying gas
12 L'min, nebulizer pressure 45 psi, fragmentor voltage 140
V, mass range 100-2000 m/z. A personal computer system
running MassHunter Workstaton sofware was used for data
acquisiton and processing.

Exact mass measurements of pseudomolecular ions
of analytes performed with a tme-of-fight (TOF) mass
spectrometer in negatve polarity mode enabled the
determinaton of molecular formula of most of the consttuents.
All identfed compounds exhibited quasi-molecular ion [M-
H] in the negatve mode, confrming the molecular mass.
Peak identfcaton was mainly tentatve, by comparison of
their retenton tme, mass, and UV spectra with the literature
data. For nine compounds we had standards for additonal
conformaton of identfcaton.

RESULTS AND DISCUSSION

Thirty-eight diferent compounds in resin extract of M1
clone and 24 common compounds within resin extract of B229
and PE 19/66 clones (Table 1, Figure 1) were identfed. Fourteen
compounds were unique for M1 clone, giving possibility to use
them as potental species specifc chemotaxonomic markers.
Those are the compounds belonging to the cafeic, coumaryl
and pinobaksin groups of compounds.

Our HPLC/MS-TOF analysis confrmed that Serbian poplar
clones mainly consists of three groups of phenolic compounds:
phenolic acids (cafeic acid, p-coumaric acid, cynammic
acid), phenolic esters, and favonoid aglycons of favanones
(pinocembrin, pinobaksin), favonols (galangin, quercaetn and
kaempferol), favones (chrysin and its derivates, apigenin). We
have also identfed salycilate like populin. The results obtained
in the experiment were compared with literature data on P.
nigra HPLC bud and propolis analysis in the following text. Black
poplar buds are coated with a viscous substance, an exudate
which contains diferent varietes of phenolic compounds:
favonoid aglycons and their chalcones and phenolic acids
and their esters [2]. Also, the chemical characterizaton
of bud exudate has allowed the identfcaton among the
favonoid aglycons of some favanones such as pinocembrin
and pinostrobin, some favonols such as galangin, quercetn
and kaempferol, some favones such as chrysin and apigenin
[14-16] and some esters of phenolic acids, similar to our data
when it comes to the phenolic content. Such compounds have
also been reported in propolis [17]. Bud extract of P. nigra was
mainly composed of phenolic acids (cafeic, p-coumaric, ferulic,
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TABLE 1. A list of identfed compounds within surface resins of three poplar clones. Abbreviaton NI means Not Identfed.
Compounds marked with * were previously reported in Trudi¢ et al. [20]. Bolded compounds are compounds identfed by
internal standards.

No. WY e ngsi—molecylar Exact Molecular Compound name M1  B229 PE19/66
ion [M-H] mass formula Clone Clone Clone

1 198; 216,274 109,0287 110,0360  CH,O, Benzenediol + + +
2 198; 216; 274 123,0442 124,0515 C,HO, Methyl benzenediol + + +
3 230; sh296; 324 179,0341 180,0414  CH,O, Cafeic acid * + + +
4 sh290, 310 163,0372 164,1445 C,HO, p-Coumaric acid * + + +
5 244; sh296; 322 423,1294 424,1364 C,H,0,, Furanocoumarin + + +
6 234; 288 285,0762 286,0835 C,H,O, Pinobaksin-5-methyl-ethar + + +
7 242; 268; 300 389,1226 390,1309  C,H,,0, Populin * + + +
8 292 271,0604 272,0677  C,H,0, Naringenin * + + +
9 264; 310 267,0654 268,0727  C,H,0O, Chrysin-5-methyl-eter + + +
10 264; 338 269,0452 270,0525 C,H, O, Apigenin * + + +
11 292 271,0604 272,0676  C,H,,0, Pinobaksin * + + +
12 266; 364 285,0396 272,0676  CH, O, Kaempferol * + + +
13 236; 288 269,0812 270,0885 C,H,0, NI + + +
14 254,372 315,0504 316,0576  C,H,,0, Isorhamnetn + + +
15 264; 348 299,0554 300,0626  C,H,,0, Luteolin-3'methyl-ethar + + +
16 254; 356 329,0660 330,0733 C,H,O, Quercetn-dimethyl-ethar + + +
17 260; 302; 352 283,0603 284,0676  C,H, O, Galangin-methyl-ethar + + +
18 232; 286; 324 327,0869 328,0942 C,H O, Pinobaksin-5-methyl-ethar-3-acetate + + +
19 244;294sh; 326 315,0844 316,0919  C,H,0, NI +

20 268; 312 253,0497 254,0570  C,H,0, Chrysin + + +
21 296; 326 247,0967 248,1040 CH, O, Cafeic acid prenyl ester +

22 294sh; 328 269,0810 270,0883 C,H,0O, Cafeic acid benzyl ester +

23 290 255,0655 256,0728 C,H,,0, Pinocembrin + + +
24 266; 360 269,0445 270,0518  C,H,0, Galangin + + +
25 290 285,0760 286,0833 C,H,O, Pinobaksin-7-O-methyl eter +

26 294 313,0712 314,0784 C_H, O, Pinobaksin-3-O-acetate + + +
27 298; 328 283,0968 284,1041 CH O, Cafeic acid Phenylethyl eter +

28 264; 312 283,0603 284,0676  C,H,,0, Methoxy-Chrysin + + +
29 230;290sh; 310 231,1015 232,1088 C,H,O, p-Coumaryl prenyl ester +

30 220; 314 253,0861 254,0935 C,H,0, p-Coumaryl benzyl ester +

31 220; 288sh; 312 231,1017 232,1089 C,H,0O, p-Coumaryl prenyl ester +

32 248; 316 295,0967 296,1040 CH O, Cafeic acid cinnamyl ester +

33 238;232sh; 324 311,2222 312,2294  C,H,,0, NI +

34 294 327,0868 328,0941  C,H O, Pinobaksin-3-O-propionate +

35 314 267,1017 268,1090 C,H,O, p-Coumaryl phenylethyl ester +

36 268; 312 279,1016 280,1097  C,H,0, p-Coumaryc cinnamyl ester +

37 294 341,1020; 377,0788  342,1093  C H, O, Pinobaksin-3-O- butyrate +

38 292 355,1172;391,0958 356,1245 C,H, O, Pinobaksin -3-O pentanoate +

isoferulic, di-O-methyl cafeic and cinnamic acids) (5.2%),
followed by salicylates (salicin) (1.8%) and favonoid aglycons
(pinobaksin 5-methyl ethar, pinobaksin and pinocembrin)
(1.5%) [18].

Data comparison of poplar bud absolute markers afer
true quanttaton by derivatzaton-GC-MS and HPLC-PDA was
also reported in study of Rubiolo et al. [18]: benzoic acid,
cinnamic acid, p-methoxycinnamic acid, p-coumaric acid,
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dimethoxycinnamic acid, isoferulic acid, ferulic acid, cafeic
acid, 1,1-dimethylallyl cafeate, pinostrobin, pinocembrin,
tectochrysin,  chrysin, galangin. Salicyl aldehyde in fresh
0.2% and in dried 1.4% plant material of P. nigra L. was also
identfed in study of Jerkovi¢ and Masteli¢ [15]. This compound
may originate from salicin and/or populin by hydrolysis and
oxidaton and as mentoned before, we identfed populin
in our resins extract. Jerkovi¢ and Masteli¢ [15] have also
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FIGURE 1. DAD chromatograms of identfed resin compounds measured on 280 nm, 65 minutes. Peak numbers refer to those

reported in Table 1.

reported prenyl alcohols with higher percentage (7.6%) in
dried buds. Non-terpenes presented 9.8-13.5% of the total
isolate. The gross compositons of non-terpenes were aliphatc
and aromatc alcohols, carbonyl compounds and aliphatc
acids. Benzyl alcohol and 2-phenylethanol were previously
identfed (ca. 0.2%) in the bud extract of P. candicans [19]. The
analysis of the phenolic extract of Portuguese propolis allowed
the detecton of dihydrofavonols, favones, favanones and
favonols, either as a free form or their methylated/esterifed
forms [7]. In partcular, it was possible to identfy the aglycones
forms of apigenin, pinobaksin, pinocembrin and chrysin, the
esterifed derivatves pinobaksin-3-O-acetate, pinobaksin-
3-O-propionate,  pinobaksin-2-O-butyrate or isobutyrate
and pinobaksin-3-O-pentanoate or 2-methylbutyrate and
the methylated derivatves pinobaksin-5-methyl-ethar,
pinocembrin-5-methyl-ethar,  chrysin-5-methyl-ethar, and
chrysin-6-methyl-ethar. In propolis from temperate zones, the
most frequently reported phenolic acids are cafeic acid, ferulic
acid and the cinnamic acid [4]. We reported the following esters
and ethar derivates: p-cinamyc cinamyl ester, pinobaksin-3-O-
butyrate, pinobaksin-3-O pentanoate, pinobaksin-5-methyl-
ethar, luteolin-3-methyl-ethar,  quercetn-dimethyl-ethar,
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galangin-methyl-ethar, pinobaksin-5-methyl-ethar-3-acetate,
cafeic acid prenyl ester, cafeic acid benzyl ester, pinobaksin-
7-methyl-eter, pinobaksin-3-O-acetate, 2-phenylethyl cafeate,
coumaril prenil ester, coumaril benzyl ester, coumaril prenil
ester, cafeic acid cinnamyl ester, pinobaksin-3-O-propionate.
Similarity with the chemical profle of P. nigra might indicate
that some of those phenolic compounds and its ester might
be common for the genus Populus, but further analysis within
more Populus species is needed to confrm such hypothesis.

CONCLUSIONS

Direct assessment of antoxidant actvity of resins is
required through FRAP, DPPH, ORAC, ABTS, lipid peroxidaton
and other tests to screen its radical scavenging capacity and
correlate it with quantty analysis of its bioactve compounds.
In this case, 70% ethanol should be used as a common and
nontoxic solvent for extracton. It is also possible that isomers
can be present, although further NMR analysis must be
performed.

The results presented in this study shows applicaton in:
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- Chemical compounds identfed so far can be applied
in pharmaceutcal research and thus involve more
nursery producton of poplar clones’ biomass as a
resource of those molecules;

- To understand the chemical profle of propolis, since
resins are the startng material for its producton by
bees;

- Chemotaxonomy, since we confrmed that there is
a quite diferent chemical profle of surface resins
between two species of poplars from our collecton.
In our study, 14 compounds were specifcally
characteristc for M1 clone (P. euramericana L)
surface resin extract, indicatng their species-specifc

signifcance. However, further comparatve study
with other poplar species is needed to determine the
presence/absence of those compounds within genus.

- To monitor and predict poplar’s biomass pharma-
cological potental and label them as a nursery with
ecosystem service signifcance.
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ash are exposed to long-lastng efects of surface water and
high groundwater. According to Ani¢ [1], in terms of micro-
relief narrow-leaved ash is the eurivalent species of foodplain
forests. The habitats in which it grows range from wetland
sites, where narrow-leaved ash forms a wetland forest
boundary towards a swamp, to fresh micro-elevatons (humid
micro-elevatons - “grede” in Croatan). However, it reaches
its ecological optmum in wetland habitats where it faces no
competton [2].

The degradaton of lowland forests is a serious problem
not only from a commercial and non-commercial standpoint,
but also from a biological and ecological aspect. Tree decline
in forest ecosystems may have diferent causes, such as
competton between species and individuals, the efects of
diverse natural phenomena (climatc excesses, thunder, wind,
wet snow, icy rain, long-lastng food, biotc factors), changes
in natural ecological conditons, i.e. a drop in groundwater
levels, changes in foodwater dynamics, waterlogging and
drying of habitats, the polluton of food and precipitaton
water), and the consequences of adverse human actvity [3].
The dieback of narrow-leaved ash results from a synergy of
climate change, biotc factors and anthropogenic efects on
water conditons. Climate has recently undergone signifcant
changes manifested in extreme temperatures and long dry
periods that directly afect the dynamics of ground water
levels and the dynamics of precipitaton and foodwater, all
of which are of decisive importance for the growth of narrow-
leaved ash. Retentons constructed in order to prevent the
consequences of high water levels have exposed forests
in retenton areas to exceptonally high foodwater levels.
Floodwater levels are much higher now than they were during
fooding before the retentons were constructed. As expected,
this has a negatve efect on the vitality of forests in these
areas. Air polluton, fooding in the vegetaton period and
the absence of regular winter and spring foods, coupled with
consecutve dry periods, are crucial stress factors that exert an
adverse impact on these forests [4-7].

This research aims to determine the following:

- Height and diameter increment (mm) of container
seedlings of narrow-leaved ash under conditons
of substrate saturaton and normal watering in the
period from 5 May to 15 July 2015 (72 days);

- Water potental (W) of seedlings under conditons of
substrate saturaton and normal watering;

- Photosynthetc efciency (F/F ) of seedling leaves
under conditons of substrate saturaton and normal
watering;

- Total chlorophyll content of mesophyll (CCl) in the
leaf of seedlings growing in saturated substrates and
undernormal watering conditons;

- Correlaton between diameter increment (mm) of
seedlings and their physiological conditon (water
potental (¥) and the maximum quantum yield of
photosystem I (F /F ));

- Correlaton between the maximum quantum yield
of photosytem (F /F ) and water potental (¥) of
normally watered seedlings.
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MAteriALS AND MetHoDS

This research involved one-year-old seedlings of narrow-
leaved ash with bare roots which were replanted in 12-hole
AM-POLIM mult-containers of 620 ml. Replantng was
performed on 5 May 2015. The trial was established in three
treatments (drought, normal watering and saturaton), and
each treatment included two containers or 24 seedlings. A
total of 72 seedlings were replanted. The inital morphological
seedling characteristcs were measured prior to replantng
(total height and diameter of the root collar). In the drought
treatment, the seedlings were not watered during the
experiment. Data on the overall monthly precipitaton quantty
for the meteorological staton Zagreb Maksimir were used
during the normal watering treatment. Watering was done
with the previously determined quantty of water in mm-m2
During the substrate saturaton treatment, a constant water
level was retained in the bath with the containers so that the
water was above the seedling root collars. Seedlings from all
treatments were covered in order to prevent precipitaton
from disruptng the experiment. Seedlings from the drought
treatment died immediately afer the experiment was
established. On 15 July 2015, height and diameter increment
were measured on the survived seedlings. The physiological
propertes of the seedlings (water potental, chlorophyll
fuorescence “a” and the total chlorophyll content index
(CCl) in the leaf mesophyll) were also measured on the same
day. The seedling water potental (W) was measured with a
portable instrument for measuring water potental (Model
600 Pressure Chamber Instruments, Corvalis, ORE). One leaf
per seedling from the tp part of the crown was selected for
measurement. The measurement of chlorophyll fuorescence
“a” and the determinaton of the maximum quantum yield
of photosystem Il (F /F ) were accomplished with a portable
device FluorPen FP 100 (Photon Systems Instruments).
Measurement was performed on 1 leaf in 20 seedlings from
the normal watering treatment and 20 seedlings from the
saturaton treatment. The total chlorophyll content index
was measured with a portable chlorophyll metre CCM-200
(Opt-Sciences, Tyngsboro, MA). The total chlorophyll content
index was determined on the basis of fve measurements per
leaf on a randomly selected spot, but the main leaf vein was
avoided. Under three diferent conditons (drought, normal
watering and saturaton) and two repettons, substrate
temperature (°C) and volumetric substrate moisture (%) were
measured from 5 May to 15 July 2015. The measurements
were performed every full hour using the measuring staton
Spectrum (N=1705 data). Climate data were processed
with SpecWare 8 Professional sofware, and the data were
statstcally processed (descriptve statstcs, ANOVA) using
Statstca 7.1 sofware [8].

reSulLtS

Table 1 shows the results of descriptve statstcs of
seedling height and diameter increment under substrate
saturaton and normal watering between 5 May 2015 and 15
July 2015. The mean height increment of narrow-leaved ash
seedlings under substrate saturaton conditons between 5
May 2015 and 15 July 2015 reached 110 mm (19-199 mm),
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while diameter increment amounted to 2.20 mm (9.54-4.43
mm). The mean height increment of seedlings under normal
watering conditons between 5 May 2015 and 15 July 2015
amounted to 48 mm (0-119 mm) and diameter increment
amounted to 0.39 mm (0.00-1.31 mm). A t-test was used to
determine a statstcally signifcant diference (p=0.000033)
in the height increment of narrow-leaved ash seedlings under
substrate saturaton and normal watering conditons between
5 May 2015 and 15 July 2015. The seedlings under substrate
saturaton conditons showed beter height increment of 62
mm on average compared to the normally watered seedlings.
A t-test was used to determine a statstcally signifcant
diference (p=0.000000) in diameter increment of narrow-
leaved ash seedlings under substrate saturaton and normal
watering conditons between 5 May 2015 and 15 July 2015.
Seedlings growing in saturated substrates had a diameter
increment that was higher by 1.81 mm on average compared
to normally watered seedlings.

Table 2 shows the results of descriptve statstcs of the
seedling water potental (W) under substrate saturaton and
normal watering conditons on 16 July 2015. The mean water
potental of narrow-leaved ash seedlings under substrate
saturaton conditons amounted to 5.6 bar (4.4-9.0 bar),
whereas under normal watering conditon it was 36.1 bar
(15.5- 40 bar and more). In 10 plants (45.45%) pressure could
not be taken due to instrument limitaton of 40 bars. A t-test
was used to determine a statstcally signifcant diference in
the water potental of narrow-leaved ash seedlings with regard
to treatments (p=0.000000). Seedlings that were watered
needed pressure that was higher by 30.5 bars on average for
water to appear on the surface of leaf cross-secton. Under

conditons of substrate saturaton lastng for 72 days (5 May
2015 - 16 July 2015), the seedlings were under a low water
stress or high water potental in relaton to the seedlings that
were watered, in which a low water potental or high water
stress was detected.

Table 3 shows the results of descriptve statstcs of the
maximum quantum yield of photosytem Il (F /F ) of seedlings
under substrate saturaton and normal watering conditons on
16 July 2015.The mean values of the maximum quantum yield
of photosystem Il (F/F ) in seedlings treated by substrate
saturaton amounted to 0.82 (0.77-0.84), and in seedlings
that were watered normally it was 0.65 (0.02-0.84). A t-test
was used to determine a statstcally signifcant diference
(p=0.000000) in the success of photosynthetc efciency of
narrow-leaved ash seedlings with regard to the treatments.
Watered seedlings had on average a lower maximum quantum
yield of photosystem Il by 0.17. The lower the F /F_values are,
the stronger the physiological shock of the seedlings is.

Table 4 provides the results of the descriptve statstcs
of the total chlorophyll content in the leaf mesophyll (CCI)
of seedlings under conditons of substrate saturaton and
normal watering on 16 July 2015. Seedlings of narrow-leaved
ash under conditons of substrate saturaton had an average
total chlorophyll content index (CCl) in the leaf mesophyll
of 17.8 (7.8-32.6), whereas in the case of watered seedlings
the above index was 18.3 (3.1-65.1) on average. The t-test
results did not show the existence of a statstcally signifcant
diference (p=0.6818) in the total chlorophyll content index
(CCl) in the leaf mesophyll of narrow-leaved ash seedlings
under conditons of substrate saturaton and normal watering
on 16 July 2015.

tAbLe 1. Descriptve statstcs of height (mm) and diameter (mm) increment of container seedlings of narrow-leaved ash
(Fraxinus angustfolia Vahl) under conditons of substrate saturaton and normal watering between 5 May 2015 and 15 July 2015

Variable N Treatment Mean Median Minimum Maximum Variance Std. Dev.
Height increment (mm) 110 121 19 199 3203 57
24 Saturaton
Diameter increment (mm) 2.20 2.12 0.54 4.43 0.79 0.89
Height increment (mm) 48 46 0 119 845 29
24 Watering
Diameter increment (mm) 0.39 0.33 0.00 131 0.17 0.42

tAbLe 2. Descriptve statstcs of the seedling water potental (W) under substrate saturaton and normal watering conditons

on 16 July 2015.

Treatment N Mean Median Minimum Maximum Variance Std. Dev.
Saturaton 24 5.6 5.4 4.4 9.0 1.3 11
Watering 22 36.1 39.5 155 40.0 36.7 6.1

tAbLe 3. Descriptve statstcs of the maximum quantum yield of photosytem Il (Fv/Fm) of seedlings under substrate saturaton

and normal watering conditons on 16 July 2015

Treatment N Mean Median Minimum Maximum Variance Std. Dev.
Saturaton 20 0.82 0.83 0.77 0.84 0.00 0.02
Watering 20 0.65 0.73 0.02 0.84 0.04 0.20
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A negatve and signifcant correlaton (r=-0.4507) was
found between diameter increment (mm) of narrow-leaved
ash seedlings under conditons of substrate saturaton and
water potental (bar) on 16 July 2015 (Figure 1).

A positve and signifcant correlaton (r=0.40762) was
observed between diameter increment (mm) of narrow-
leaved ash seedlings under conditons of normal watering and
maximum quantum yield of photosystem Il (F /F ) of seedlings
on 16 July 2015 (Figure 2).

A negatve and signifcant correlaton (r=-0.4195) was
found between the maximum gquantum yield of photosystem
Il (F/F,) and water potental (bar) in normally watered
seedlings on 16 July 2015 (Figure 3).

Table 5 presents descriptve statstcs of the analyzed
microclimatc elements. The diferences between the minimal
and maximal values, i.e. maximal oscillatons in substrate
temperature in dry conditons amounted to 24.2°C, in
saturated conditons to 15.9°C, and in normal conditons to
23.7°C. Absolute oscillatons in the values of volumetric soil
moisture reached 27.5% in dry conditons, 112.1% in saturated
conditons, and 27.6% in normal conditons.

According to the results in Table 6, signifcant diferences
were found in mean values of substrate temperature and

volumetric substrate moisture for the observed cases of
drought, saturaton and normal watering.

DiSCuSSioN

According to HraSovec et al. [9], drought has an important
efect on the growing intensity of narrow-leaved ash dieback.
If water supply is poor, then important physiological processes
are decreased or halted, which afects plant growth [10].

In our research, seedlings under drought treatment died
very soon afer the establishment of the experiment. Seedling
mortality can be explained by the biological propertes of
narrow-leaved ash (hygrophyte) and by adverse ecological
conditons (lack of moisture in the soil and extremely high
substrate temperature inside the containers). During fooding,
the air in soil pores is replaced by water, which leads to oxygen
concentratons that are 30 tmes lower than those in aerated
soils [11]. Because the seedling root collars were submerged in
water all of the tme, hypertrophic lentcels were developed,
while adventtous roots on the botom part of the stem
did not grow. Jaeger also reached the same result [12]. The
European ash covered by foods during the entre vegetaton

tAbLe 4. Descriptve statstcs of the total chlorophyll content in the leaf mesophyll (CCI) of container seedlings of narrow-leaved
ash (Fraxinus angustfolia Vahl) under conditons of substrate saturaton and normal watering on 16 July 2015

Treatment N Mean Median Minimum Maximum Variance Std. Dev.
Saturaton 120 17.8 16.8 7.8 32.6 34.9 5.9
Watering 115 18.3 171 31 65.1 89.6 9.5

Coleraton: r=-.4507
5.0
45 °
4.0

Diameter increment (mm)

PMS (bar)

0.95% confdence

FiGurel. Correlatons between diameter increment (mm) of container seedlings of narrow-leaved ash under conditons of

substrate saturaton and water potental (bar) on 16 July 2015
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period (April - September) manifests a considerable decrease
in height increment and biomass [13, 14].

Our research showed that the height increment of
narrow-leaved ash seedlings growing in saturated substrates
was by 62 mm beter on average as compared to the
seedlings that received normal quanttes of water. Evidently,

the European ash and narrow-leaved ash are species with
diverse ecological requirements.

The development of plant hypertrophy as a
morphological response to food conditons in which plant
aeraton is increased [15] was recorded in the species
Fraxinus excelsior L. [13]. This phenomenon was observed

Coleraton: r=.40762

14

12

1.0

0.8

0.6

0.4

Diameter increment (mm)

0.2

-0.2
-0.1 0.0 0.1 0.2 0.3 0.4

F,/F,

0.5 0.6 0.7 0.8 0.9
2 95% confdence

FiGure 2. Correlatons between diameter increment (mm) of container seedlings of narrow-leaved ash and the maximum
quantum yield of photosystem Il (F /F ) in normally watered seedlings on 16 July 2015

Coleraton: r=-.4195

o0

-0.1
14 16 18 20 22 24 26

PMS (bar)

30 32 34 36 38 40 42
0.95% confdence

FiGure 3. Correlatons between the maximum quantum yield of photosystem Il (F /F ) and water potental (bar) in normally

watered seedlings on 16 July 2015
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in the provenance “Rhine” from alluvial stands, but not
in the provenances “Alb” and “BFor”, which indicates
specifc provenance adaptatons to site conditons [12].
Morphological and anatomic adaptatons of species of
foodplain forest to foods are discussed by [16-19]. Our
research confrmed what was mentoned above. Diameter
increment of seedlings growing in saturated substrates was
higher by 1.81 cm on average in relaton to seedlings that
were watered normally.

The plant root is in the soil with a high water potental,
while the above-ground parts are surrounded by air, whose
water potental is low. The existng water potental gradient
enables transpiraton course by which water is transported
from the soil through the plant with no energy consumpton
and is released in the atmosphere. If low pressure (3 bars
or 45 psi) is sufcient for water to emerge on the surface
of a leaf cross-secton, then the plant is under a relatvely
low water stress (high water potental) and probably has
enough water for growth processes. If a pressure of 20 bars
is needed for water to appear on the surface of the cut, the
water stress is relatvely high (low water potental). Water
potental values difer from species to species. Succulents
or young shoots may wilt at a low pressure of 7-8 bars, and
certain physiological processes, such as photosynthesis,
may be decreased at pressures lower than 10 - 15 bars. In
our research, the average seedling water potental under
substrate saturaton was 5.6 bars (4.4 - 9.0 bars), and in

normal watering conditons it was 36.1 bars (15.5-40 bars
and higher). At 10 plants (45.45%), thepressure could not be
taken due to the instrument being limited to 40 bars.

Photosynthesis is a very sensitve and early indicator
of plant vitality [20, 21]. One of the frst responses of
a plant to unfavourable conditons is refected in lower
photosynthetc efciency and in inhibitons of diferent
molecular mechanisms. In this sense, the analysis of
chlorophyll fuorescence is an excellent tool for determining
diferent photosynthetc parameters that can be used for
photosynthesis optmisaton and control in feld cultures.
Chlorophyll fuorescence provides useful informaton about
the photosynthetc efciency under abiotc stresses [22].
Chlorophyll fuorescence analysis is a powerful tool for the
study of species under normal and stressful conditons [23,
24]. Chlorophyll fuorescence can be used to assess plant
vitality and stress. The parameter F /F is calculated from the
minimum fuorescence value (F)) and the maximum value
(F,) using the formula (F -F )/F It refects the efciency of
electron transfer in photosystem Il and is used as an indicator
of the success of photosynthetc eciency.

The diference between maximum and minimum
fuorescence is called variable fuorescence (F ). An optmum
yield of photosystem II, F /F is calculated from these data.
This rato represents a measure of the potental maximum
quantum yield of photosystem II.

There are photosystems | and Il. In the centre of

tAbLe 5. Descriptve statstcs of substrate temperature (°C) and volumetric substrate moisture (%)

Conditons Mean Min. Max. Std. Dev.
Substrate temperature (°C)
Drought 20.7 10.4 34.6 4.5
Saturaton 19.6 12.0 27.9 3.2
Watering 20.1 9.1 32.8 4.8
Volumetric substrate moisture (%)
Drought 19.8 6.1 33.6 7.2
Saturaton 41.3 36.7 148.8 16.1
Watering 22.8 6.6 34.2 8.1

TAbLe 6. The comparison of mean values of substrate temperature and volumetric substrate moisture in diferent conditons

Microclimatc elements

Conditons
Substrate temperature (oC) Vol. substrate moisture (%)
Drought 20.7 £4.59* 19.8+£7.22
Saturaton 19.6+3.2° 41.3+16.1°
Watering 20.1+4.8° 22.8+8.1°

ab.¢\alues within the column marked with a diferent leter signifcantly difer (p<0.05). Values are presented as the mean = std. dev.
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photosystem | there is a chlorophyll molecule which has
maximum absorpton at a wavelength of 700 nm, while
a chlorophyll molecule in photosystem Il has maximum
absorpton at a wavelength of 680 nm [25].

Chlorophyll fuorescence can be used to assess vitality
and stress of several cultvars, as well as analyze diferent
cultvars in terms of their response to stress factors. Frani¢
et al. [26] state that in general, the lowest Fv/Fm values were
measured in treatments with insufcient water/5mg Cd in
the soil, and the highest in treatments with su®cient water
without cadmium, which points to the negatve efect of a
combinaton of water stress and cadmium-induced stress.
Identcal results were obtained by our studies (without
cadmium). The average value of the maximum quantum yield
of photosystem Il (F/F ) in seedlings treated by substrate
saturaton was 0.82, and in seedlings that were watered
normally it was 0.65. In the majority of plant species, the
potental maximum quantum yield of photosystem Il is
about 0.83. The maximum quantum yield of photosystem
Il in watered seedlings was lower by 0.17 on average,
which indicates that the seedlings were under a stronger
physiological shock. The chlorophyll metre works by emitng
light at a wavelength of 653 nm (the red part of the solar
spectre) and of 931 nm (the infrared part of the solar spectre)
through the leaf mesophyll flled with chloroplasts that
contain chlorophyll. The chlorophyll content index (CCl) is
obtained on the basis of the relatve quantty of the emited,
i.e. absorbed light by the chlorophyll. Measurements of the
chlorophyll content index during the vegetaton period can
help us determine the optmal tme for fertlizaton and the
applicaton of other pomotechnical treatments in nurseries,
cultures or clonal seed orchards, thus improving the quantty
and quality of the increment or seed yield. No statstcally
signifcant diferences were found in the total chlorophyll
content index (CCl) in seedling leaf mesophyll under
substrate saturaton and normal watering conditons.

Seedling diameter increment decreases with an increase
in water potental values, as stated by Jaeger [12]. At normal
watering, seedling diameter increment increases as the
maximum quantum vyield of photosystem Il increases. An
increase in the water potental value of seedlings under
normal watering decreases the maximum quantum yield of
photosystem Il.

Consecutve dry years have a signifcant impact on the
dieback of pedunculate oak and narrow-leaved ash, which
are hygrophytes in terms of their ecological requirements for
water. As for foods, the only diference is that pedunculate
oak’s dieback is afected by the occurrence of foods, whereas
narrow-leaved ash’s dieback is afected by the absence of
foods. Here, the issue is probably the duraton of fooding.
Pedunculate oak cannot tolerate long-lastng foods, unlike
narrow-leaved ash which is a more hygrophytc forest tree
species. Narrow-leaved ash is a distnct hygrophyte capable
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of toleratng stagnant water on the soil surface, the surplus
of carbon dioxide and the lack of oxygen in swampy soils. Of
importance is the fact that narrow-leaved ash cannot thrive
under swampy conditons when water stagnates on the soil
throughout the vegetaton period. Changes in the onset
and size of foods are the consequence of climate change
and global warming. Large-scale foods will occur with
rising frequency. There will be fewer small-scale foods [27].
Changes in climate that are expected in lowland Croata will
probably bring about a rise in air temperatures and a drop
in precipitaton quanttes. The current status of hydrological
conditons, which severe droughts occurring in the past
several decades have changed signifcantly, are becoming
ever more unfavourable for the survival of lowland forests
with regard to their water requirements and the dependence
of lowland species on groundwater [28]. Among all studied
climatc elements and indices, it is lower precipitaton
quanttes that have had a signifcant efect on the dieback of
narrow-leaved ash [9].

The most favourable temperatures for the growth
and development of an organism are those at which all
the processes are best coordinated [29]. In terms of the
requirements for air temperature and soil, narrow-leaved
ash belongs to the eurithermal tree species, which are hardly
susceptble to winter cold and summer heat, but highly
susceptble to winter frost.

CoNCLuSioNS

Containerized narrow-leaved ash seedlings saturated
with water for 72 days showed a beter morphological-
physiological status than the seedlings that received normal
quanttes of water.

A statstcally signifcant diference was confrmed in
the morphological status of seedlings under conditons of
substrate saturaton and normal watering. Seedlings growing
in saturated substrates atained bigger height increment
by 62 mm and bigger diameter increment by1.81 mm on
average, compared to seedlings that were watered normally.

A statstcally signifcant diference was obtained in the
physiological status of seedlings. The water potental of
watered seedlings needed pressure that was higher by 30.5
bars in order for water to appear on the surface of the leaf
cross-secton. Seedlings growing in saturated substrates were
under a low water stress or high water potental compared
to watered seedlings, in which a low water potental or
high water stress was observed. Photosynthetc efciency
ofwatered seedlings had a lower maximum quantum yield of
photosystem Il by 0.17 on average, which indicates that they
were exposed to a bigger physiological shock.

Seedlings of narrow-leaved ash as a hygrophytc tree
species do not tolerate dry conditons and no watering.
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aBSTraCT

Background and Purpose: Forest trees are adapted to the specifc climatc conditons and other ecological factors that
dominate within their distributon range. However, the climate is in constant fux. In additon to natural climatc oscillatons,
the climate has also been changed directly or indirectly by human actvites. The issue of climate change is ted mostly to
air temperature and precipitaton. The objectve of this study was to assess the potental infuence of climate change on a
part of the ecological niche of pedunculate oak (Quercus robur L.) in Croata.

materials and methods: A forecast model was developed for the ecological niche of pedunculate oak in Croata from the
present day to 2080 using logistcal regression, on the basis of a climate change model.

results: Within the lowland areas of Croata, the model forecasts an increase in the minimum temperatures of the coldest
month and maximum temperature of the warmest month, and reduced precipitaton in both the driest and wetest months.
Conclusion: The results indicate that climate change will negatvely impact the ecological niche of pedunculate oak in the
future.

Keywords: climate change, ecological niche, pedunculate oak

INTrODuUCTION

The climate is a complex and direct ecological factor that
is described using various climatc elements, appearances
and indices. Flora is dependent on both weather and
climatc conditons. The forest tree species of lowland
Croata are adapted to the specifc climatc conditons and
other ecological factors that dominate in those areas.
However, those climatc conditons change over tme, which
is refected on the growth and development of all types
of organisms. In recent years, climate changes have been
documented worldwide. Hasselmann [1] indicated that the
average air temperature has increased 0.5°C over the past
century. Reduced precipitaton has been confrmed in Russia
[2], Turkey [3], South Africa [4] and in China [5]. However,
no changes in precipitaton extremes were recorded at 19
meteorological statons in northern and central Europe [6].
The minimum temperatures increased virtually everywhere,
and the maximum and mean temperatures increased in
northern and central Europe, Russia and Canada [7]. In

Croata, Seletkovi¢ et al. [8] analysed weather data over the
past century from the Zagreb — Gri¢ staton, indicatng that
changes to the temperature and precipitaton regime have
already begun in Croata.

According to the Fifh Natonal Report of the Republic
of Croata, in line with the United Natons Framework
Conventon on Climate Change [9], a tendency towards
increasing temperatures was found throughout the whole of
Croata. This positve trend has become strongly pronounced
over the past 50 years, and partcularly in the past 25 years.
The increasing mean annual air temperature in the past 50
or 25 years was statstcally signifcant at all weather statons.
The total annual precipitaton was found to be declining
throughout Croata, during the entre 20th century.

An ecological niche is the positon of a species in the
ecosystem, in the place where it survives (its habitat) and
the way it lives. Every species has specifc living conditons
and poses various demands towards the habitat it lives in.

© 2016 by the Croatian Forest Research Institute. This is an Open Access paper distributed under the

terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0).

SEEFOR 7 (2): 143-148 143



UGARKOVIC D, TIKVIC I, MIKAC S, STANKIC I, BALTA D

If the ecological niche is examined from the perspectve of
a populaton in a certain geographic area, then the climatc
and geomorphological factors are of critcal importance
for the spatal distributon and size of the species range. In
additon to air temperature, which is dependent on cloud
cover and insolaton, water is the most important factor
for the development of vegetaton, as it presents the main
source of moisture in the soil that is required for physiological
processes. When the relatonship of air temperature and
precipitatonis considered, itis necessary to take into account
that the extreme amounts (minimum and maximum values)
of these two ecological factors are the limitng factors for the
survival of certain species. Pedunculate oak (Quercus robur
L.) requires a large quantty of water for transpiraton, which
most ofen can exceeds the quantty of precipitaton falling
in the vegetaton period. For that purpose, pedunculate oak
must have access to additonal water, such as ground water
[10]. The annual transpiraton of a 108-year old stand of
pedunculate oak is 1,030,000 litres per hectare [11].

With changes to the climate elements, the appearance of
the vegetaton cover of an area also changes. With the actvity
of climatc elements, certain species are able to move into
new areas or to higher elevatons, while their place is taken
by other species suited by the altered ecological conditons.
Understanding the ecological niche is of key importance for
gettng beter insight on how forest ecosystems functoning.
Understanding the interacton of climate and vegetaton is
one of the most important segments in studying geographic
distributon and the success of species. Therefore, the
objectve of this study was to establish the potental changes
in the ecological niche based on a global climate change
model to the year 2080.

maTErlalS aND mEThODS

Pedunculate oak is the most valuable tree species in
Croata, accountng for 27% of the wood mass in Croatan
forests [12].The rotaton for pedunculate oak is 140 years
[13]. Croata currently has 201,739 ha of pedunculate oak
forests, with a growing stock of 41.5 million m® [14]. Natural
pedunculate oak sites in Croata are located in the valleys
of large rivers and their tributaries, such as the Sava, Drava,
Kupa, Danube and others. The most common soil type in
these forests is gleyic soil with its subtypes [15]. According to
the Képpen classifcaton, there are two climate types within
the pedunculate oak forest distributon area in Croata. The
Cfwb“x” type, the temperate rain zone climate, prevailsin the
west part of the Pannonian Plain. The eastern area between
the Sava and Drava rivers is the domain of the Cfwb“x” type
climate. This is also a temperate rainy climate, but with only
one pronounced precipitaton maximum. The mean annual
air temperatures range between 10.0 and 11.5°C. Rainfall
ranges from a maximum of about 900 mm occurs in the
western part to less than 600 mm, in the eastern part. The
precipitaton is relatvely evenly distributed throughout the
year [16].

The CCM3 (Climate Change Model) model, which
represents a concentraton of greenhouse gases in the
atmosphere twice that of the present day [17], was used to
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develop the climate change forecast to 2080. To build the
forecast model, the extreme values of climatc elements
were used as follows: maximum temperature in the warmest
month of the year, the minimum temperature in the coldest
month of the year, precipitaton in the wetest month in the
year and precipitaton in the driest month of the year.

Data on the presence of pedunculate oak in the Republic
of Croata were taken from the most recent research on the
distributon of forest habitats [18], and the Flora Croatca
Database [19]. Modelling the ecological niche was performed
in the program MAXENT [20]. Climatc data used to model the
ecological niche were taken from the WORLDCLIME database
for the period 1950 to 2000 [21]. The ecological niche model
for the distributon range of pedunculate oak today and in
the year 2080, based on the climate change model, was
created using logistcal regression [22]. The obtained spatal
distributon maps of the ecological niche (GRID format) were
converted to a TIFF and visualised in ESRI ArcMap 9.2.

reESulTS

According to the global climate change model, the
minimum temperature of the coldest month and the
maximum temperature of the warmest month will increase
by 2.2°C and 6.7°C, respectvely. The precipitaton in the
driest and wetest months of the year will decrease by 18.5
mm and 5.8 mm, respectvely (Table 1).

Figure 1 shows the probability (%) of the appearance
of pedunculate oak in Croata, with regard to the climatc
conditons. Yellow areas are those with a lower probability
of their appearance, while green areas indicate areas where
pedunculate oak has a higher probability of appearing with
regard to climate. The spatal distributon of the ecological
niche of pedunculate oak in the period from 1950 to 2010
corresponds to the actual species distributon range (Figure
1).

With regard to the changing climatc elements, changes
in the ecological niche to the year 2080 can also be forecast.
Based on the model of global climatc changes, the model
forecasts less favourable conditons for pedunculate oak in
the area of the Spacva Basin and Podravina (yellow), while
there will be more favourable conditon in central parts of
Croata (Figure 2).

DISCuSSION

Global climate change, regardless of how it arises,
is a current and ongoing occurrence on Earth. With air
temperature, which depends on cloud cover and insolaton,
precipitaton is most signifcant for the development of
vegetaton, as this is the primary source of moisture in the
soil. A lack of precipitaton, with the appearance of high
air temperatures, weakens plant resistance, as increased
transpiraton consumes large quanttes of water. The regional
climate model used for the scenario of climate changes in
Croata was developed by Dickinson et al.[23] and Giorgi
[24]. In the scenario of climate change based on the regional
climatc model in Croata, the mean values of the 30-year
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TaBIE 1. Mean climatc element values for ecological niche modelling for the periods 1950-2010 and 2080

Period
Climatc factors Diference
1950 - 2010 2080
Min. temp. coldest month (°C) 3.6 5.8 +2.2
Max. temp. warmest month (°C) 289 35.6 +6.7
Precipitaton driest month (mm) 38.6 20.1 -18.5
Precipitaton wetest month (mm) 137.3 1315 -5.8
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FIGurE 1. Spatal distributon of the ecological niche (potental habitat) of pedunculate oak for the period 1950 to 2010

future climate period (2041-2070) were compared with the
30-year climate average of the reference period (1961-1990).
According to that scenario, climate change in all seasons will
result in increasing air temperatures, which is statstcally
signifcant with a 99% confdence level. Small changes in
precipitaton are ofen accompanied by large increases in the
appearance of precipitaton extremes [25, 26]. The regional
climate model for Croata envisaged a reducton in the total
quantty of precipitaton in three seasons (spring, summer
and fall), primarily in the coastal, southern and mountainous
parts of Croata [9]. Climate change can lead to changes
in the spatal distributon of forest vegetaton that can be
seen in the representaton of the current forest types, the
possible disappearance of existng or appearance of new
types, changes in populaton densites in certain tree types,
productvity of forest ecosystems, ecological stability and
vitality of forests, and in changes to the total producton and
general values of forests ecosystem services.

htp://www.seefor.eu

Pedunculate oak is a tree species with a very narrow
ecological amplitude in terms of water demand. Over the
past century, large changes have a great role in the lowland
forest habitats, primarily due to changes in the hydrological
conditons. This has afected the reduced stability of the
pedunculate forests and of individual tree stability [27].

The efects of climate change can have a negatve efect
on the ecological niche of one tree species, while other
species are positvely afected, and the spatal distributon of
the ecological niche of those species is increased. Climatc
elements, such as the maximum temperature of the warmest
month and minimum temperature of the coldest month, and
precipitaton in the driest and wetest months represent
the limitng values of climatc elements that infuence the
appearance and existence of a species.

The limit values of the presence of a species in most
logistcal regression models are 0.5 [28]. A higher probability
indicates a habitat that is suitable for the appearance of
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FIGurE 2. Probability of the presence of pedunculate oak to the year 2080 in relaton to simulated climatc factors

pedunculate oak with regard to climate elements. Taking
into account the changing climatc elements, changes in
the ecological niche of pedunculate oak to 2080 can be
forecast. According to the forecast model, negatve changes
to the ecological niche can be expected in the Spacva area
(eastern Croata), while the western part of the Podravina
area (northern Croata) will become unfavourable for the
growth of pedunculate oak. The Baranja area will have
favourable conditons, while the Posavina area will not see
any changes in the ecological niche of pedunculate oak
(Figure 2). The natural adaptaton of vegetaton to climate
change occurs on a small percentage of vegetaton afected
by the climatc elements. A vegetaton model indicated
that successful adaptaton is possible only with very small
changes in climate, less then 0.1°C per 10 years, and an
absolute change in climate of less than 1°C [29]. A study on
the palaeontological and recent climates in Croata showed
that secular or long-period climate changes, warming or
cooling, did not negatvely afect the compositon of the
climazonal vegetaton [30]. Those changes only caused a shif
in the vegetaton belt in the directon from lower elevatons
towards higher elevatons (in the case of warming) and vice
versa (in the case of cooling). On the basis of such fndings,
it can be expected that the future natural climate change or
changes caused by the direct or indirect human actvites
will also cause a shifing of the climazonal vegetaton forms,
depending on how the climate is changing [30, 31].

With regard to the context of the relatonship between
vegetaton and climate, it should be considered that
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vegetaton directly infuences and changes the climatc
conditons in a certain area through the processes of
assimilaton and the sequestraton of atmospheric CO, [32].
As such, changes to climate elements result in changes to
certain parts of the ecological niche of a species. It is difFcult
to diferentate and fully elucidate the exclusive actvity
of climatc elements on the ecological niche of a species,
and with that its spatal distributon. An example of this is
pedunculate oak, which requires high ground waters and
food waters [27, 33, 34].

The range of temperature and precipitaton values
for an individual species shows the signifcance of climatc
elements for the appearance of a species. Research on
the efect of climatc factors on the ecological niche of a
species gives important knowledge on the relatonship of
the vegetaton at the species level towards the environment,
partcularly towards climate. The current comprehension
of the exceptonally large signifcance of various forms of
water (ground water, food waters and stagnant waters) on
the appearance of pedunculate oak should be considered in
synergy with climatc elements, partcularly temperature.

Forest ecosystems today are very exposed to changes,
whether those changes are caused by natural variability
or by human actvity. Considering the overall synergy of all
the ecological factors on the appearance of a specifc tree
species is one of the fundamental segments in the study
and understanding of forest vegetaton functoning. Forecast
models of climate change should also be taken with a certain
reserve, and with consideraton of the various possible
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outcomes. Modelling ecological niches and understanding
the relatonships between vegetaton and ecological
elements, partcularly climate, should be considered at the
level of the entre populaton. However, it is necessary to
also consider the possible spatal parts of the populaton that
became adapted to the local climatc conditons over tme,
and that the ecological niche of these populatons varies
from that of the remaining part of the populaton (ecotypes).
In that case, future research of the relatonships of climate
and vegetaton should also include studies on genetc
variability within populatons of the same species.

The climate model used in the present study assumes
twice the present level of greenhouse gases in the next
hundred years. However, a shortcoming of climate forecast
models is that they tend to not consider the infuence of
vegetaton on the global carbon cycle, aerosols, cloud cover
and the oceanic-atmospheric links of climate [1]. At the
local level, other factors other than climate elements can
be of key importance, such as herbivore populaton density,
pathogenic organisms, commercial actvites, changes in soil
propertes, competton, meso- and micro-climatc factors
and more.

Models that predict global climate change contain a
large amount of entropy, as they do not include all those
factors that directly or indirectly afect climate. Future
research should contnue to model the populaton densites
of pedunculate oak or the rato of the species at the level of
the actual ecological niches in competton with other tree
species, including their populaton growth mechanisms.

CONCIuUSIONS

According to the climate change model, the minimum
and maximum air temperatures in the coldest and warmest
months will increase, while precipitaton of the driest and
wetest months of the year will decrease. Climate changes in
the future will alter the ecological niche of pedunculate oak,
dependent on other ecological factors. Future research should
contnue to analyse and spatally model the groundwaters and
forest soil propertes as independent variables in the forecast.
Research of the ecophysiological reactons of pedunculate
oak to changing ecological factors and competton would
also be a valuable additon to such research.
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