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Abstract: Growth and sunval of young European beeckagus sylvaticd..) is largely
dependent on water availability. We quantified the influence of water stress (measured as
Available Soil Water Storage Capacity or ASWSC) on vitality of young beech plants at a
dry site. The stug site was located in a sematural sessile oakQuercus petraea
(Mattuschka) Liebl.) stand adjacent to beech stands on a rocky gneiss outcrop in
southwestern Germany. Plant vitality was measured as crown dieback and estimated by the
percentage of dead @e ground biomass. The magnitude of crown dieback was recorded
in different vertical parts of the crown. Biomass was calculated from the harvested plants
following allometric regression equations specifically developed for our studySsém

discs fromharvested plants were used for growth analysis. We found that soil depth up to
bedrock and skeleton content significantly influenced ASWSC at the study site. A significant
negative correlation between ASWSC and crown dieback was found. Highest rates of
crown diebackwere noticed in the middle and lower crown. The threshold of crown
diebackas a function of drought stress for young beech plants was calctdatide first

time in this study. This threshold of crowlrebackwas foundto be40% ofabove groud
biomass.Beyond 40% crowrtieback plants eventually experienced completertality. In
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addition we found thatheextremdy dry year of 2003 significantlgampered growth (basal
area increment) of plants in dry plots (ASWSC < 61 nmthe study aredRecovery irthe
plant® radial growth after that drought year was significantly higher in tbgsplots
(ASWSC > 61 mm) thaim dry plots. We concluded thatdecrease in ASWSC impetie
the vitality of young beech causing partial up to complete cidielneck in the study site.

Keywords: water stress; available soil water storage capacity; crdibhack above
ground biomass; tree survivability; sematural forest; summer drought of 2003; basal
area increment

1. Introduction

The reduction in precipitatioand increase of temperature during the growing season in recent years
indicates a higher frequency of periodic drought in Central Europe [1]. Climatic ddtee st
50 years show a changing pattern following a positive and negative trend for temperaind
precipitation respectively in southern Germany [2]. Climate models predict tietfrequency of
severe summer drought will increase in southern Germany thelgrenario of global change that can
directly impact forests. For examplde severesummer drought of 2003 reduced the net primary
production of beech forest and caused high mortality in the southern part of Central Europe [3]. Trees
are more prone tdie in dry sites due to water stress in very dry and hot gesarch as 2003 [4,5].

Water stresscanoccur due to depletion of soil water and causes damage to plants by inhibiting plant
vitality with profound changes in growth and morpholdggy# , 6 , 7] . Pl antsd tol er
between different species. Past experiments on wates stlesance in beech plants were carried out
under laboratory or greenhouse conditiansl found arnnfluence of drought and water availability on
beech survival, height and diameter growthl8]. The nmajority of these studies revealed that water
stresscould significantly reduce growth of beech plants in controlled laboratory conslitod
experimental trial plots. In this context, European beech tfeagué sylvatica..) are expected to
decline in dry forest sites ithe future underthe ongoing clima¢ change [12]. However, detailed
investigations onheinfluence of water stress on vitality of young beech plants in dry site conditions at
semtinatural forests are rare [5,13,14].

Tree vitality is a complex phenomenomhich is difficult to quantify in forest stands. Therefore,
indicatos like crown diebackare commonly used to assess it [150 far studies on water stress
impact in forest standsave commonly assessed crovdiebackby morphological classification or
defoliation measurementvhich are mevitably qualitative in nature [5,16]. However, quantitative
assessment of crowdiebackin proportion of actual plant biomasssh@ver been carried out in trees
grown in forests. Such methods would helgl&terminethe diebackthreshold in trees undeirought
stress. In addition, such information could help scientists and forest managers to assess the carbon lo:
in forests due to drought induced tree mortality. This crdwack threshold in terms of biomass can
act as morphological indicator fire plant®internal system failuravhich may lead to complete plant
death. Therefore, quantification of tree mortality and informationdmback threshold is very
importantin order to gain knowledgabout the success of beech survivability under dry, -satoiral
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conditions in unmanaged forests. igtmotivated the authorsto developa novel approach to
guantitativdy assessrown diebackin young European beech plants. We precisely calculdied
proportion of living and dead individual tree biomass to tjiaorown dieback

Severe drought evensuch asthe European summer drought of 2003 can significantly reduce
growth in beech trees [17The magnitude of reduction in radial growth after severe drought and
recovery aftermath may fluctuate along the geatiof soil water storage capacity. However, such
assumptions had never been tested on young understorey beech plants growmnatwsaimiorest
condition where human management had been abanflene@dny decades.he nagnitude of crown
diebackis thoudht to be higher in the upper crown of trees because of higher susceptibility of xylem
cavitation intheupper portion of the crownvhich eventually leagito failure in hydraulic conductivity
and crowndieback[18,19].In 2005 Kohler et al first reportedthe highest amount ofliebackin the
upper portion of the crown afteéhe severe drought year of 2003 among intermediate beech trees
(average height 10 m) in southwestern Germany [5]. However, similar assusripdiesmnot been
tested on young understorégech plants with shorter height (e.g.j 280 cm). Survival of beech
plants belonong to this height cohort is crucial for successful natural regeneration innsgaral
forests and maintenance of structural and compositional complexities in forestsbaftddlonment of
human management [20].

Therefore, this study aimed to quantify the impact of water stress (measured as soil available water
storage capacity or ASWSC) on crowiebackand basal area increment of young beech plants in a
seminatural sessfl oak Quercus petraegMattuschka) Lieb). stand adjacent to beech stands. The
stand was a rocky gneiss outcrop located at the Schlossberg hill in the submontanetlzeBéok
Forest, southwestern Germany. We hypothesized that (1) decreasing ASWECGnemase crown
diebackin beech trees; (2) crowdiebackwould be higher inthe upper crown; and (3yrowth
recovery (increase in basal area increment) would be higher in plants grown in less dry plots
(ASWSC > 61 mm) than dry plots (ASWSC < 61 madterthe 2003 summer drought. In addition, we
aimed to find the important soil parameters that control ASWSC in the study site.

2. Results
2.1 Available Soil Water Storage Capacity (ASWSC) in Stand

The average stand ASWSC combining all plots was 67.4 rtandard error: 7.14). In the linear
regression analysis we found thia¢ depth of soil up to bedrock atide soil skeleton content were the
most important factors that significantly conteal the soil water storage capacity in our study site.
Interestindy, we did not find any significant relationship between slope and ASWSC. Increase in soll
depth also increadeASWSC. However,an increase in soil skeleton content decrdas&WSC
(see Table 1).
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Table 1. Results from linear regression analysgardirg theinfluence of soil physical
properties and slope acavailable water storage capac{§&SWSCQ (Model R = 0.961,
F = 68.269df=6,p < 0.0001).

Model parameters Model estimates Standard error t p value
Model constant 132.39 67.257 T 0.4 0.636
Dependent variable:ASWSC

Independent variables

Soil depth up to bedrock 1.568 0.126 12.432  0.000

Slope of soil profiles 0.350 0.418 0.836 0.415

Sand 0.640 0.704 0.908 0.376

Clay 0.120 0.637 0.188 0.853

Silt 0.10 0.703 0.241 0.812

Soil skeleton content 1T0. 8314 0.099 1T 8. 4 0.000

2.2 Relation between ASWSC and Crdwaback

We found a significant and strong negative correlation between the magnitude of crown dieback
and ASWSC (rBogré@éi, ia0.899 < 0.001) (Figure 1). This means that as the level of
ASWSC increases, the crown dieback decreases in young beech plants. Crown dieback was
significantly higher in dry plots (ASWSC < 61 mm) than in less dry plots (ASWSC > 61 mm)
(Figure 2).

Figure 1. Relation between crowmlieback expressed by dead above ground biomass
percentage and soil water stress calculated by the available soil water storage capacity
(ASWSC in millimetes).
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Figure 2. Magnitude of crowndieback (reportedas median) was significaly higher
among plants in dry plots (22%) than less dry plots (8%).
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In this study, we found an interesting regelgardingthe crowndiebackor mortality threshold in
young beech plants. We did not fiady single surviving plantg our total samplef 47 (42 live and
five dead plants) that had more than 40% cralaback This meanghat irreversible damagéad
happened to the plant wherebackreache the threshold of 40%which eventually lead to the death
of the whole plant (Figure 3). The prdilgty of whole plant death increadesignificantly for the
plants which were found in dry plots (see Table 2).

Figure 3. Mortality threshold of crowrdieback expressed by above ground dead biomass
percentage for the young beeches in dry and less dty, @rpressed by available soil
water storage capacity (ASWSC in millimederThe fgure showsthe crown dieback
threshold at 40%.
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Table 2. Results from binary logistic regression, whearstatus plant (live or dead) was
selected as dependent variablel ASWSC of plots (dry or less dry) was considered as
independent variable (Log likelihoodtio value 26.830, Cox and Snell ‘R= 0.101,
NagelkerkeR? = 0.206, N = 47).

Model Standard error for Wald Chi

Parameters . . df p value
esti ma model estimate square

Less dry plotys Dry plots 1T2.30 1.169 3.879 1 0.0389

Model constant 3.401 1.017 11.195 1 0.0008

2.3 Partial Diebackin Different Crown Compartments

The magnitude of crowdiebackwas different irthethree vertical crown compartments in baty
and less dry plots (Figure 4a). The lower crown was affected by the hityblesstkin both plot groups
(dry plots: 58%; less dry plots: 53%). In both dry and less dry plots, ad@irackwas significantly

lower in the upper crown compared to the tesf the crown (dry plotsit = 1T 5. 144,
df=11,p<0.001, N =12; lessdry plotss 1 5 df% 89]p,< 0.001, N = 30) (Figure 4b).

Figure 4. Magnitude of crowrdiebackin different vertical crown compartments of the dry
and less dry plots. The ptdagram &) shows thepercentagef crown dieback in plants
from dry and less dry plots. The bar diagram) ¢ompars the percentageof crown
diebackbetween upper crown aritde rest of the crown (middle and lower combined) in
dry and less dry plots. HE hin bars representhe standarderror of mean at 95%
confidence interval. Yellow and green asterisks show the significance pev€.001).
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2.4. Summer Drought of 2003 and Basal Area Increment

The mean age of plamigas15 years and did not vary significantly between dry anddegglots.
The plants with root collar diameteof 3 to 6 mm had an average age of 6 years, whereas, the plants
with 32 to 41 mm collar diameter had an average of 35 years (Figure 5). Out of 42 living plants, only
four wereborn two each in dry and lesdry plots) in the drought year of 2003. Nevertheless, only one
plant out of 42 (with >1 mm root collar diameter) was born after the drought year of 2003. That single
plant was found in a less dry plot.

Figure 5. Age and root collar diameter of sampled ddeglants (N= 42). Thin bars
represent the standard error of meaa@E% confidence interval.
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Older plants (17 to 30 years old, @ass | and Il) from dry and less dry plots had followed similar
trends in basal area increment until 2003. Howevéer #fe 2003 summer drought, plants from less
dry plotswere following higher slopein growth trajectory compared to plants from dry plots in age
Class | and Il. Since year of 1999, slope of growth trajectory was higher in plants from less dry plots
than dry plots in age class Ill. Howevethis trend could not be observed in very young plants
(7 to 9 year®f agg (Figure 6).
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Figure 6. Trends in basal area increments in 42 beech plarituirdifferent age clags
(Class | = 24 to 30 year ol@h); Class Il = 17 to 23 year ol¢h); Class Ill = 10 to 16 year

old, (c); and Class IV = 7 to 9 year old). The simmer drought of 2003 was used as
pointer year. No#inear regression (after post hoc testing) with power function was used to
report the strengtim the growth trend.
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In both dry and less dry plots, there was a reduction of growth in 2004 compared to the previous
drought year of 2003. This reduction was significant in dry plots but not in less dry plots (dry plots:
t=2.911,df = 11,p < 0.05,N = 12; less dry plots = 1.581,df = 11,p > 0.05, N = 12). However,
recovery in basal area growth from 2004 to 2005 was significantly higher among plants located in less
dry plots. This growth recovery was not significant for plants in dry plotspidtg:t = 2.911,df = 11,
p<0.05 N =12; less dry plots= 1.581,df = 11,p > 0.05, N = 12). Overall, this meant thiae 2003
summer drought haalhigher negative impact on plants whiskrelocated in dry plots thaan plants
in less dry plots (Fjure 7).
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Figure 7. Comparison®f basal area incremesitetweertheyears of 2003, 2004 and 2005
in dry (red) and less dry plots (green). Asterisks denote the level of signifigande(5s).
Thin bars indicat¢he standard error of mean @®5% confidece interval.
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3. Discussion

In a dry stand witha mean ASWSC of 67 mm, the magnitude of crogiaback significantly
increaed with a decrease in ASWSC. This is an agreement with fost hypothesis. This result
corroborats previous studies whichavefoundthatunder the prolong water stres#tality decreases
among trees in forestlue to crowrdieback[15]. We found that wittanincrease in soil water stress,
the chance of survivaf young beech plants diminigheThis finding suppoga previous stdy on oak
trees which showedthat under chronic water stress in dry soil, the capability of young trees to
overcome the stress or to survive dimingslas their vitality decreadd 2 1] . At poiatofa@ r t a |
returno , i rrever si bl e whiclacoadesentwallydeladito perenanent tree death [15].
Our results on crowdiebackthreshold showior thef i r st t | pomtotnbeeturot hios § ou
(30 cm to 250 cm height) beech planss a 40% dieback in the crowrs in terms of above
groundbiomass.

Past studiehiave proven that forest stands with shallow saihd with high amourg of skeleton
content have high riskof water stress [12]. Water stresasfound to be higher in such staaxdhen
they werelocated inthe southwestrn aspect a outcrop, hence, getting high solar exposure resuiting
high evapotranspiration [14,16,22,2&artneret al working with various environmental, edaphic and
topographical variables discovered that ASWSC would appdag themost important limiting fetor
for beech survivability when it drged below a threshold value of 68 mm at stand lejd]. The
mean ASWSC in our stand was 67 mahich supported this earlier assumption. In this study, five
dead beech plants were samplethich might cross the restsance threshold of 40% crowteback
when irreversible damage occurred as the cumulative effect of prolonged water stress, high solar
irradiation and a catastrophic drought year of 2003 [24]. Based on the decline spiral model [25], severe
droughtyessuch as 2003 can operate as a trigger (|
mortality in trees that are already wunder str
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here low ASWSC) and succumb to subsequent stem and root dayjnagbbh ot i ¢ agent s
fact or so <arieghnseats, fungal pathogeet). Moreover, Pedersen (1998) argues that
Apredi sposiamn@gi mfiacit ariongnfdact or 0 al one canorl eac
to tree death. Muerability to tree death increased in this very dry stgradticularly after the extreme

dry year of 2003 in the region, whdahe drought most likely acted as an initiating factor of
mortality [5,21].

The magnitude ofdiebackvaries in different crownampartmentsThe hghestdieback in both dry
and less dry plots, was found in the middle and lowersdrthe crown. Based on this findinge
rejecedour seconchypothesis. The middle and lower crawvhich create thenore shaded part of the
whole crown, areless effective in photosynthesis in general. This may induce dieback patiems
severelyaffecting the middle and lower parts of the crown, which would be the first not to be
supported in photosynthesis [26]. Our result is also corroboratedowittomes from past studijes
which have shown that droughtnduced cavitation and loss in hydraulic conductivity cause branch
diebackthat reduceshetranspiration demanand therebyenabling the remaining shoots to maintain a
favorable water balance [11®,27]. Such an interpretation could be applied to many situations of
growth decline in trees, e.g., where crown reductions or crown thinning resulting from branch
abscission occurred after the onset of severe drought [28]. In addition to alldebeagkin lower
part of the crown under water stress, plants can regulate their root and shoot biomass and try to tune
the rootshoot biomass ratio to maintain a specific correlation [29]. This strategy ofshoot
regulation in plants under prolonged wateessisc al | ed as A diebacloi [ 810] t hnd ot
year, parts of the tree dies back and only a few shoots suwihieh are in balance with the root
system. Brancldiebackand the consequent reduction in whole plant leaf area are usuallyteestoic
older and lateral twigs from the last order of branchiftgs would enable plants to adjust retoot
ratios after drought induced decline the root system hence, crowndieback could be an
acclimatization to drought stress [27,28,31]. YoungcbkRee s mi g h't choose a s
throughdiebackb i n t hi s st and Wkigbackir ldwerwarsrofghe orxomn end tuning n ¢ h
rootshoot ratio [30]. However, they would not recover from this stifeggey cross the threshold of
40%diebak in thecrown in termsf above ground biomass.

Recovery in basal area increment after the drought year of 2003 was higher in plants from less dry
plots than dry plots. This is an agreement with third hypothesis. Our results prove that after a
catastophic drought event, plants growing in less dry plots have higher resistancewWer growth
reduction) and better resiliencee(, faster recovery in growth) than plants growing in dry plots.
Differences in soil water availability explain why recovef plants on dry plots was slower than
less dry plots aftethe drought of 2003 [17]The extreme drought of 2003 combined withe already
existing water stress because of poor ASWiS@hestudy site had a strong negative impact on beech
stem incremet [17,32,33]. High temperatures acceleddatee water deficiency from the soiand ths
turned into a negativenfluence on the basal area increment of plants [15]. This problem became
severe in dry plots ashownby our results Czajkowskiet al, who worked on theimmediate impact of
the 2003 summer drought on beseledlingsreported that the plant water status during July and August
of 2003 had a considerable effect on the relative increment of saplings in consecutijé#jediss
carry over effet observedoy Czajkowskiet al corroborated our findirg[17]. This phenomenon
could be the consequence of high plasticity in broadleaved whéah slowed dowrtheir growth to
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overcome the environmental stressorderto survive periods of poor gromg conditions [34].
However, irreversible damage ocd if growth reduction led to crowmlieback which in turn
eventually forcd the plants to cross the threshold.

4. Experimental
4.1 Study Site an@&ampling Design

Data was collected in the summer @f1P from a sernatural sessile oalQuercus petragastand
(0.3 ha) with beech understory, surrounded by belechinated stands. The stand was located at
Schlossberg hilin the Black Forest mountain region (near Freiburg city) in southwestern Germany
(4759'N, 0751'E) in the submontane zone at 400 m above sea |&iakethe medieval period the
stand had been managed under coppice wighiandard silvicultural systenm order tofulfill the
firewood demand othe city of Freiburg. However, since the entithe Second World Warthestand
remained unmanaged, all commercial activity had been permanently suspendée famdst was
declared as protectedorest. Only recreational activities are permitted in the forest area. The stand is
exposed toa slopein the southwest hence,it receives high solar radiatiaimroughout the whole
vegetation periodThe mean annual temperature and precipitation ar€ &d 930 mm respectively.
The sessile oak stand is on the slope of a rocky gneiss out@bpasshallow soils witha sandy
texture anda high skeleton content. The mean slope of the stand is calcttatexB3.33°(standard
error: 4.67, N = 24)The il containsa thin and uneven layer of humus lmgerhumusSometimes
themineral soil surface andeldrock (gneiss) are exposédt in some placethey arecovered by moss
(Figure 8).

Figure 8. Study site at Schlossberg)( partially dead standing young understorey beech
plant @), sampled beech plamiith a dead branclon the left anda living branchon the
right side ), shallow soil profile at the study plad;
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A systematic sampling design was followed for data colleatioorderto capturethe gradient of
ASWSC. The stand was small in siaed,therefore, negligible variations in environmdrganditions
(exposition, irradiation and/or light condition) among plots were assumed. Nevertheless, as beech is &
shade tolerant species, competition for light is aahajor constraint for tree establishment and
survivability underthe oakcanopy [35].A 54 x 34 m rectangular borderline was selected inside the
stand as the sampled area to establish the pl@gstematic grid ofour rows andsix vertical columns
10 m apartfrom one amother was implemented in the rectangular desibmenty-four circular
sampling plots witha 2 m radius and a central point, with vertical and horizontal distances of 10 m
from each other, were established [36].

4.2 Collection of Morphological Data

As we wanted to assess the impact of ASWS@heestablishment of Europedeech plants in the
stand, we focused on young understorey beech plantawgfght ranging from 30 to 250 cm. tine
German forest inventory systemheight o250 cm for broadleaved planssregarded athethreshold
for successful establishment whtural regeneration [37]. Morphological and growth parameters were
recorded for 47 young beech plants (42 live &ad dead) found in the 24 circular plots. Rie
42 living plants,the diameter at root collar (5 cm above ground lewsl)l thediamete of all living
branches (>1.5 mm diameter) were measured, and the number of all living branches and annual shoot
(<1.5 mm diameterjvas counted. The crown was equally dividedoirthree vertical parisnamely
upper, middle and lower, starting from thiestt green branch as described by Kohé¢ral [5].
Diameter and location of all dead branches in the three different crown compartments were recorded tc
qguantify thediebackin different crown parts by using biomass equation developed for the stand.
Only the diameter at root collar (5 cm above ground level) was measurdbeffive dead beeches
inside the plots.

4.3. Collection of Soil Data and Quantification of ASWSC
4.3.1 Collection of Soil Data from Forest Stand

One by onemeter soil profiles weredug until they touched the bedrock in the center of all
24 sampling plots. The different horizons were designaeid depth and percentage of soil skeleton
of each mineral horizon were measured [38]. Colors of moist soil were recorded for each mineral
horizon using Munséll Soil Colour Charts [39]. Soil samples were collected from each mineral
horizon of each soil profile for texture analysis.

4.3.2 Quantification of ASWSC

In this study the magnitude of soil water stress was measured by ASY¥3@0] ASWSC is he
maximum amount of fine earth available water, expressed ifilénom. It is the difference between
the water content values feld capacityand thepermanent wilting poinf41]. At first, collected
samples were sieved usirrg2 mm sieve to eparate out gravels and stones. Thie®soils were
crushed using mortar and pestle to mithe soil aggregates. Then sand, clay and silt fractions of the
soil were determined by usiran assessment déxture method developed by Food and Agriculture
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Organization of the United NationdNVorking Group for Forest Site Classification of Germany, and
Working Group on Soil Classification in Germany modified aff@hackKirchner [42i45]. Both
German and FAO texture classes were recorded. Soil organic mattentoeas calculated using the
Munsell color of soil and soil texture class proposedSaplichting et al [39,46]. ASWSC was
calculated in mm for each plot using soil horizon depth, soil skeleton content, soil texture, and soil
organic matter content. ASWS@nged from 19 to 137 mm for 24 plofsvelve plots were classified

as nAdry tolbadv i mny, and another 12 plots as ,il es
respectively (Table 3) [43]. Please see the dmtaplot-wise calculation of ASWSC in the
suppe ment ary document namel y 0 Quan Supdlementary File.n o f

Table 3.ASWSC of 24 plots in the stand.

Dry plots Less dry plots
Serial no. Plot no. Plot ASWSC (mm)  Serialno. Plotno. Plot ASWSC (mm)
1 1/1 22 1 1/5 71
2 1/2 21 2 1/6 68
3 1/3 41 3 2/3 98
4 1/4 59 4 2/6 70
5 2/1 52 5 3/1 129
6 2/2 19 6 3/2 103
7 2/4 27 7 3/3 77
8 2/5 43 8 3/5 80
9 3/4 54 9 4/1 103
10 3/6 54 10 4/2 121
11 4/3 27 11 4/4 137
12 4/6 48 12 4/5 93
average ASWSC 39 average ASWSC 96

4.4. Quantification of CrowrDieback

Crown diebackwas measured as the percentage of above ground biomass. In this section we will
describe the procedures and steps used to quantify cielwackfor beech plants in this study.

4.4.1 Development of Allometric §uations for above Ground Biomass from Harvested Plants

All 42 living beeches from the sample plots were harvested to develop allometric equations for
guantitative biomass analysis (12 and 30 plants from dry and less dryredpisctively). We created
five diameter classes for branches based on the inventory (Section 4.2) as follovartg: five
millimeters 5.1 to 8 mm, 8.1 to 11 mm, 11.1 to 18 mm and 18.1 to 41 mm. In total 80 branches
(40 fromthe dry area and 40 frorthe less dry area) were usedrfbiomass calculatioand were
selected from these diameter classes. All above ground living parts of the sampled plants including
stem and perennial branches with bark, annual shoots with buds and leaves were collected. Thre
annual shoots from each ofet three crown compartments were randomly collected from each
harvested plant.
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Biomass of harvested samples was assessesl bguweighing after oven drying in the laboratory at
the temperature of 1@5 to constant weight. All fractions weights weretdamined to #.1g accuracy.

At first we performedpost hocmodel testing with 12 linear and nonlinear regression functions to
develop equations for biomass. In those regression model tests, wibemeight of the branches as
dependent variable arte diameter (mm) otherespective branches as independent variables. Finally
we found that notinear regression with power function could expléme maximum amount of
variation ¢esulted in thenighest R value) in the data. This also supgatf recent wdy thathad
shown that thebiomass of almost all European broadleaved tree species édllanon-linear power
function relationship witlthe diameter in young stages [47]. Finally, two Horear regression models
were formulated with biomass and diaeretseparately for both dry (Figure 9a) and less dry
(Figure 9b) plots, usinthebiomass of stems and perennial shoots, according to the following formula:

Y=axd 1)

whereY = biomassa = coefficient constant) = regession coefficient and = stem/branch diameter.

Figure 9. Regression model for biomass equation of the djyafd less dry plotsby.
Biomass (Y) is modeled as the power function of stem/branch diameter (d). Biomass was
measured in gram and diametemillimeter (mm).
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Mean of observed and modeled values from allometric equations were compar¢esbynd
showed no significant difference (Table 4). Hence, the allometric equations were accepted and used t
calculate the lmmass of branches in dry and less dry plots.

Table 4. Results of model testing for biomass equations (Fgy8eeb and 10) in dry and
less dry plots.

Statistical tests Dry plots Less dry plots Dead tree
t(39)=10.72 t(39)=1.24 t(41)=10.22
p > 0.05 p>0.05 p>0.05

t-test
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The arerage biomass of annual shoots with buds and leaves was calculated separately for both dry
and less dry plots. Biomass of total annual shoots of each tree was calculated by multiplying the
average number with the total numioérannual shoots recorded during the field study. The weights of
annual shoots were summed up vifie branch weightn order togetthetotal above ground biomass.

In addition tothe two abovementioned equations for the branche® also developed a bass
equation for living plants based dine root collar diameter (Figure 10). We also perfornaetstest
between modeled and observed values for this equation and did not find any significant difference
(Table 4).

Figure 10.Regression model for above gral biomass equation of the dead trees. Above
ground biomass (Y) is modeled as the power functiothefdiameter at root collar (d).
Above ground biomass was measured in grand the diameter at root collar in
millimeters (mm).
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4.4.2 Simulation of Dead above Ground Biomass

Every living beech plant in our plots had dead branches or twigs. Those dead branches were eithe
broken from the base or brokenaatertain length from the base as a resulthefbranch shedding
process Practically, it was impossible to calculate the actual weight of that dead branch once it was
green. We therefore developed a novel approach. We simulated the weight of a dead branch from the
diameter recorded during field inventorihe dameter of sucta dead branch was measured at the
base where the mortality started amds still visible during the field inventory (Figure 11). Finally
biomass of that dead branch was simulated from the allometric equations developed from the living
branches of harvesteplants specifically using the equation for dry and less dry plots. For a single tree
all dead branches were summed to calculate the total simulated weight of the dead branch. Similarly
like the dead branches, above ground biomass of standing dead pheeish{ive in total) were
simulated from the regression model described in Figure 10.
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4.4.3 Calculation of the Proportion Dead above Ground Biomass (Quantitative Estimation
of CrownDieback)

After we hadcalculated the total simulated dead above iggobiomass and actual living biomass
we madea simple proportion of these two biomass components in terms of percentage

% of dead above ground biomass = (DxC)00 ()]

whereD = dead simulated biomass of a tr€es totd above ground biomass of the tree. The increase
in percentage values meaanincrease in crowuiebackin terms of dead above ground biomass. For

a tree without any mortality this proportion would be zero and for a totally dead tree this would
beonehundred.

Figure 11. Schematic representatiorf the simulation method to quantify the crown
diebackin terms of biomass.

4.5, TreeRing Analysis for Calculation of Basal Area Increment (BAI) for the Growth Study

Treering analysis was carried out usingetrédiscs sampled #teroot collar diameter at 5 cm above
ground level. Stem discs frothe 42 harvested plants were first used to calculate the age of the plants.
After that 24 plants (12 plants from dry plots and 12 from less dry plots) were selegbedfdom
growth analysis. To minimize the confounding effetthe plant biological age on radial growtive
divided the plants in four age classes which were as follojs:Class Iconsisting of24- to 30-year
old plants;(2) Class liconsisting ofL7- to 23-year old plants(3) Class lliconsisting ofL0- to 16year
old plants; and4) Class IVconsisting of7- to 9-years old plants. For every age clags selectedix
plants threeplants in dry plots anthreeplants in less dry plots).

Samples wer@ven dried at 4@ for 4 days and polished using successively finer sand paper to
prepare them. Prepared samples were then scanned at 4,800 or 6,400 dpi using a LA1600+ scann
and saved as TIFF fild&igure 2). Ring boundaries were delimited manually the images and ring
widths were measured in four ratdirectiors from the central pit to the periphery using the software
WIinDENDRO 200948].



