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Abstract

The study focuses on two young stands of European beech (Fagus sylvatica) and Norway spruce (Picea abies) of the same age (12-year-
old) with similar sized trees grown at near identical sites. After performing a destructive sampling technique which included all tree
compartments except fine roots; allometric equations were constructed for all tree components. Diameter at stem base (d ) was utilized as
an independent variable for the equations. The models expressed not only biomass of woody parts (branches, stem and coarse roots) and
foliage but also foliage area and specific leaf area (SLA). Results indicate that the basic morphological properties of foliage vary in both
species along the vertical crown profile. In spruce, contrasting values of needle area and SLA were recorded among needle sets (based on
year of establishment). On a tree level, both spruce and beech had similar foliage areas however, beech had a larger biomass comprising
of woody parts while spruce biomass was dominated by foliage. Therefore the leaf mass ratio (LMR) defined as the ratio between foliage
biomass and total tree biomass, as well as leaf area ratio (LAR) defined as the ratio between leaf area and total tree biomass were much
larger in spruce than in beech species. On a stand level, spruce manifested a higher value (18.64 m2.m™2) of leaf area index (LAI) than
beech (12.77 m%m™2). Moreover, while the biomass of foliage was 4.6 times higher in spruce than in beech, total biomass of woody parts
were similar in both stands. These contrasts indicate very different growth strategies and biomass allocations between beech and spruce
at the young growth stages.
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Abstrakt

Vyskum sa zameral na mladé porasty buka lesného (Fagus sylvatica) a smreka obyc¢ajného (Picea abies) rovnakého veku (12 rokov), velmi
podobnych dimenzii stromov, rasticich na totoznom stanovisti. Na zaklade odberu vzornikov celych stromov (vSetky ¢asti okrem jemnych
korenov) sme skonstruovali alometrické vztahy pre stromové komponenty. Ako nezavislad premenné sa pouzila hrabka na baze kmena
(d,)- Modely vyjadrili nielen biomasu konarov, kmena, hrubych korenov a asimila¢nych organov, ale aj plochu asimilacnych organov
a $pecificka listovua plochu (specific leaf area; SLA). Zistili sme, Ze zakladné morfologické vlastnosti asimilaénych organov varirovali pri
obidvoch drevin4ch pozdiz vertikalneho profilu koruny. V pripade smreka sa zistili odligné hodnoty plochy ihlic a SLA medzi jednotlivymi
ro¢nikmiihlic. Na trovni stromu mali buky ovela viac biomasy drevnych ¢asti ako smreky, opa¢na situacia bola priasimila¢nych organoch.
Preto hodnoty podielu medzi biomasou asimilaénych orgénov a celkovou biomasou stromu, ako aj pomeru medzi plochou asimila¢nych
organov a celkovou biomasou stromu boli vyrazne vysSie pri smreku nez buku. Na Grovni porastu mala smrecina vy$Sie hodnoty indexu
listovej plochy, t. j. LAI (18,64 m2%.m™) v porovnani s bu¢inou (12,77 m%m). Kym biomasa asimila¢nych organov bola 4,6-krat vacsia
vsmrekovom neZvbukovom poraste, biomasa drevnych ¢astibola porovnatelna v obidvoch porastoch. Tieto kontrasty naznacuju vyrazne
odliSnu rastovu stratégiu, resp. alokaciu biomasy medzi bu¢inami a smre¢inami v mladych Stadiach.

Klucové slova: Fagus sylvatica; Picea abies; index listovej plochy; Specifickalistova plocha; biomasa asimilacnych organov a drevnych ¢asti

1. Introduction responsive to external factors as well as subjected to phono-
logical cycles and growth rhythmus (Bussoti et al. 2000). In
studies by Barna (2004) and Closa et al. (2012) significant
modifications on beech foliage size and mass density was
identified in response to contrasting light conditions.
Reichetal. (1998) explained that specificleaf area (SLA)
is the most frequently used indicator of leaf structure. By

definition, leaves will have a lower value of SLA if they are

Foliage plays a crucial role in the growth and development
of woody tree parts as they are the principal photosynthe-
sizing organs. Besides photosynthesis, leaves store carbo-
hydrates and mineral nutrients, thus, they are an important
tree compartment for carbon sequestration (Kozlowski &
Pallardy 1997). Moreover, foliage is relatively short-living

tree organ and in addition to photosynthetic and respira-
tory functions, it can contribute substantially to biochemical
cycling in the forest ecosystem including carbon fluxes (Vogt
1991; Harkonen et al. 2010). At the same time, they are very

denser (e.g. a greater mass per volume) or thicker. Besides
the morphological meaning of SLA, the indicator can serve
asa conversion factor by converting foliage weight to foliage
area. In general, the quantity of particular compartments of
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the tree body can be expressed by allometric equations, usu-
ally implementing tree height or diameter (often measured
130 cm from the ground level i.e. at breast height; DBH) as
independent variables (West 2009). Pajtik et al. (2008) sug-
gested that while allometric relations were frequently develo-
ped for older stands, young forests were usually omitted. This
applies for both woody parts of trees and foliage. Estimates
of foliage biomass in young European beech and Norway
spruce on a local scale were created in the Czech Republic
by Kantor et al. (2009). Xiao & Ceulemans (2004) develo-
ped allometric equations for both branch and tree levels in
young Scots pine (Pinus sylvestris). The authors considered
branch level and vertical position of whorl as an independent
variable in the equations. In general, research that considers
both foliage biomass and SLA are lacking.

Information on foliage mass or more specifically foliage
area, relative to the mass of woody components in trees can
identify the efficiency of tree individuals (or tree species)
to apply assimilatory organs for total tree growth. The leaf
mass ratio (LMR); the ratio of the leaf dry mass to the total
dry plant mass as well as the leaf area ratio (LAR); the ratio
of the leaf area to the total dry plant mass have been used
to describe the interaction between ecological structure and
tree production (e.g. Pickup et al. 2005; Shipley 2006; Milla
et al. 2008). Further studies use tree leaf mass or leaf area
relative to production of woody compartments to estimate
growth efficiency on atree or stand level (e.g. Jack et al. 2002;
Konobpka et al. 2010; Kondpka & Pajtik 2013).

Leafareaindex (LAI) is a stand characteristic which very
closely correlates to net primary production, stand transpi-
ration and rainfall interception of forests (e.g. Herbert &
Fownes 1997; Gower et al. 1992; Van Dijk & Bruijnzeel
2001). LAI is defined as one-sided green leaf area per unit
ground surfacein broadleaf canopies. For coniferous species,
three different definitions have been alternatively used: (i)
total needle surface area per unit ground level, (ii) half of
the total needle surface area per unit ground area and (iii)
projected needle area per unit ground area. While definitions
(i) and (ii) are reality more exact, (iii) is the most practical
concept for measurements, therefore, is most frequent used.

InareviewbyBréda (2003) ground-based measurements
of LAI were considered controversial and a basic approach
for establishing LAI was suggested by measuring leaf area
on a sub-sample of foliage and related to dry mass (e.g.
SLA). Finally, the total dry mass of foliage collected within
a known ground-surface area is converted into LAI by mul-
tiplying by SLA. However, the protocol of foliage sampling
must respect the variability of leaf size and density, especially
in terms of light availability (e.g. Closa et al. 2012). Most
probably, light diffusion on the foliage depends mainly on
the crown position in the canopy and the location of foliage
along the tree crown. In fact, different foliage growth and
retention strategies between species (especially evergreens
versus deciduous) in relation to light availability might be
important for carbon stock and cycling in forest ecosystems
and should be considered in forest management. Thus, such
knowledge might be implemented, for instance in creating
the ideal tree species composition in forests with the aim to
sequestrate carbon and mitigate climate change.
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The paper shows allometric equations using tree size
(stem diameter) as an independent variable for both foliage
and woody biomass as well as foliage area in young Euro-
pean beech and Norway spruce trees. The model for foliage
area considers intra-stand and intra-crown variability with
complexity mainly in spruce trees. The principal goal of the
work is to make inter-specific comparisons in foliage mass
and foliage area (i.e. LAI) between young stands of beech
and spruce with regard to standing stock of woody parts.
Thefinal goalisto discuss inter-specific differencesin foliage
biomass (foliage area) and woody parts biomass aswell as the
ratio between quantities of foliage and woody components
in terms of physiological and ecological aspects.

2. Materials and methods

2.1. Site and stand description

The site (see also Konopka et al. 2013) is situated in the
southern part of the Veporske Hills (48° 38' 55"N and
19°36'07" E) and belongs to the geographical unit of the Slo-
vak Ore Mountains. The prevailing bedrock is granodiorit,
soil Humic Cambisol, with low portion of skeleton, pH (in
H,0) was 5.13,5.23, and 5.38 at soil depths 0~ 10, 10 - 35,
and 35 — 65 cm respectively. The altitude is 960 m a.s.l. and
the annual sum of precipitation s close to 900 mm, the mean
annual temperature is 5.5 °C.

Two neighboring stands of nearly pure European beech
(Fagus sylvatica) and pure Norway spruce (Picea abies), both
naturally regenerated, with the same ages (about 12 years)
were studied. The young beech forest is ca. 0.5 halarge and
consists predominantly of dense stands of beech with few
scattered gaps that are colonized by Calamagrostis epigejos
dominating grass. The young spruce forestisca.0.7 halarge
and has a similar spatial structure to that of the beech stand.

2.2. Measurement and sampling

To measure tree heights and stem diameters d; (on the
ground level), five circle-like plots were established in both
the beech and spruce stands during the early growing season
in 2011. The plots, with a radius of 100 cm, were fixed in the
stands and incorporated around 40 trees each. The central
tree of the plot was labeled with a plastic strip. Then, all of
the trees within the circle were marked with iron tags with
consecutive numbers. Tree heights and diameters d, were
measured on labeled individuals.

Beech (60 pieces) and spruce (80 pieces) trees were
sampled outside of the circle plots in September 2011. All
tree components excepting roots with diameter under 1 mm
(very fine roots) were evaluated. Height and diameter d, of
the sampled trees were measured. The trees were divided into
foliage and other (woody) components, i.e. branches, stem
and coarse roots. Of the woody compartments, stems were
exposed to the most detailed measurements. Specifically,
the stems were divided into 4 or 5 length sections. Then, the
volume of each section was calculated according to Newton’s
formula:

V=L*A,+4%A, +A)/6
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where Vis the section volume, L the section length, A, the
cross-sectional area at the larger end, A the cross-sectio-
nal area at the midpoint, A_the cross-sectional area at the
smaller end.

Then, all tree components were oven-dried (temperature
of 95 °C) for a few days and finally the dry masses of woody
parts (branches, stem, coarse roots) and foliage were wei-
ghed.

For additional foliage sampling extra 40 beech and 40
spruce trees were selected from the stands, outside of the
circle plots. The trees were chosen to cover the entire dia-
meter range recorded in the plots. Height and diameter d of
the trees were measured and samples of foliage were taken
from the upper, middle and lower third of the crowns. Three
beech foliage and 30 spruce needles were sampled from each
crown part (upper, middle and lower). As for spruce needles
we sampled all needle sets, i.e. established in 2011, 2010,
2009, 2008, 2007, rarely in 2006.

The individual beech leaves and groups of 10 spruce
needles were scanned on the scanner EPSON Expression
10000, then, oven-dried at a temperature of 95 °C for 48
hours and weight. The areas of the foliage were measured
by the “Leaf Area Measurement” software.

Moreover, 16 spruce samples were selected and their
needle biomass divided according to year of establishment.
They were subsequently oven-dried and weighed. This
measurement was required for the estimation of needle set
(divided by year of establishment) as a contribution to total
needle biomass.

2.3. Mathematical and statistical procedures

To construct allometric relations for biomass of woody parts
(branches, stem and coarse roots) and foliage against diam-
eter dO, dataoriginating from 80 spruce samples and 60 beech
samples were implemented. Biomass of the tree components
was expressed as:

W= o botbi*nDAB) sy

where W is the biomass of a particular component (woody
partsor foliage), d, is the diameter at stem base, b, b, and b,
are coefficients, A is transformation bias. Detailed proce-
dures for the construction of this type of relationship is given
for instance in Pajtik et al. (2008).

Then, total foliage area (LA) on a tree level against stem
diameter d, was expressed by using data on foliage biomass
(W) and specific leaf area (SLA):

LA=W,*SLA
where VVfis based on allometric equation:
y :e(bowlznd”)x]
and similarly SLA as:
y — e(thrb3 Indo)//i2 .

Afterimplementing both relationships the following formula
was devised:

LA = (e(b0+b1 Irzdo) A,l)(e(bbeS Indo) /12) — e(a0+a1 lndo)l

wherea,=b,+b, a,=b,+b,and A =1, 4,.

In fact, LA was expressed on a tree level by using SLA data
typical for the middle part of the crown. This simplified pro-
cedure was used after finding that the foliage in the middle
crown was representative as the average SLA with foliage
fromupper and lower portion of the crown showing extreme
values.

As for LAI in beech, the following approach was imple-
mented: LA was calculated for each tree recorded on the cir-
cle plots using individual value of d. Consequently, sum of
LA for all trees on a plot represents total LA on the plot with
a known area. Then, total LA on a plot divided by the plot
area represents LAl on a plot base. Final (average) LAI for
the beech stand was expressed as:

LAI, = M
Sf
where LA, is leaf area for i—tree on the j—plot and S/. is area
on the j—plot.

In case of LAl for spruce, the procedure was more difficult
because of the different needle sets (divided by the year of
birth) manifest contrasting values of SLA. Therefore, each
needle set on atree level was considered and expressed sepa-
rately. Biomass of k-needle set for all trees on j—plot (W, )
was as follows:

Wy = ZWy *F,
i=1

where n is the number of tree on the plot, P, is the contribu-
tion of k-needle set on the total needle biomass.

To evaluate the contribution of k—needle set to the total
needle biomass, data from 16 spruce samples (dry masses of
needle sets were measured separately with regard to year of
establishment) were utilized. Since no statistical differences
were found for the contributions of the needles sets to total
needle biomass among trees with different sizes (i.e. diame-
ters d ), mean values of P, for specific needle sets were used
for further calculations regardless of tree size. Calculation of
SLA in spruce was done by using the same concept as in the
beech stand, meaning that data was considered on needle
properties from the middle part of crowns. LA for k—needle
set and for j-plot was expressed as:

L4, =Y (W, * R *SL4,) .
i=1
Consequently LAI was calculated for j—plot as follows:
P nop
ZLAM ZZ(W,k *P* SLAW)
LAl =*=! _ il k=l .
s, S,

J J

Then, LMR is defined as the ratio between biomass of foli-
ages to whole-tree biomass:

W,
LMR =—- .
w

Similarly, LAR is charcterized as ratio between leaf area to
whole-tree biomass:
TPLA _ W, *SLA,

/4

w w

LAR =
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where TPLA is the total projected leaf area, W is the biomass
of foliage, W is the whole-tree biomass and SLAp is one-
sided specific leaf area.

All statistical analyses were performed by the Statistica
10 (Statsoft, Tulsa, USA) program package.

3. Results

Two forest stand complexes; one comprising of beech and
the other spruce trees had not only similar ages but also other
similar characteristics on a stand level (Table 1). Similari-
ties existed especially in volume of mean stem (501 cm? and
647 cm®in beech and spruce, respectively), and in basal area
measured on the ground level (69.5 m?%.ha !and 80.2 m%ha™
in beech and spruce, respectively). Certain contrasts were
recorded for height to diameter ratio (125.9 cm.cm™ and
76.3 cm.cm™'in beech and spruce, respectively). The con-
trasting ratio in the stands is related to inter-specific differ-
ences between height and diameter on a tree level, which was
observed for individual trees of all sizes (Fig. 1).

Table 1. Stand characteristics (average *standard error) for
European beech and Norway spruce.

Stand characteristics European beech Norway spruce
Number of trees [ths.ha™] 125+12 98+7
Mean tree height [cm)] 287+22 2115
Mean diameter d * [cm] 2.66%0.12 3.23£0.11
Height to diameter d, ratio [cm.cm™] 125.9£8.5 76.3%£2.5
Volume of mean stem [cm’] 501.1+56.7 646.6+34.5
Basal area* [m%.ha™'] 69.5+7.0 80.2+4.6

* Both diameter d, and basal area were measured at ground level.
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Fig. 1. Relationship between stem diameter d, and tree height in
beech and spruce. Equations for the relationship were as follows:

) a2
ho= 0 _
in beech, and », 57.58+7.69d,+0.11d7 1

0

h =
" 80.52 1.65d,+0.23d;

spruce.

Large differences in SLA of foliage were observed in
both tree species in terms of foliage position in crowns as
well as tree size (Fig. 2a and 2b, Tables 2 and 3). While the
highest values of SLA were recorded for leaves and needles
in the lower portion of the crowns, the smallest values were
observed in the upper part of the crowns. At the same time,
value of SLA decreased with increasing tree size. The shar-
pest decrease of SLA with tree size was found for trees with
diameter under ca. 30 mm (i.e. suppressed individuals). At
the same time, while SLA of foliage in the middle crown of
beech varied between ca. 150 and 500 cm?.g™!, the range for
spruce needles was from ca. 70 to 120 cm?.g!. Differences
in SLA along the crown profile are related to both foliage size
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Fig. 2. Relationship between diameter d, and SLA in (a) beech and (b) spruce for upper, middle and lower part of the crowns.

Table 2. Statistical characteristics for equations expressing the relationship between SLA in the upper, middle and lower part of the

crown in beech, eventually spruce and diameter d,.

Species  Part of crown b, (S.E.) P b, (S.E.) P R? MSE A S.D.
Upper 8.020 (0.116) <0.001 —0.818 (0.035) <0.001 0.823 0.057 1.030 0.266
Beech  Middle 8.026 (0.110) <0.001 —0.757 (0.033) <0.001 0.816 0.051 1.026 0.239
Lower 7215 (0.118) <0.001 —0.416 (0.036) <0.001 0.544 0.058 1.027 0.230
Upper 6.577 (0.087) <0.001 —0.632 (0.024) <0.001 0.859 0.022 1.011 0.148
Spruce  Middle 6.036 (0.091) <0.001 —0.42 (0.025) <0.001 0.713 0.024 1.012 0.160
Lower 5.637 (0.094) <0.001 —0.281 (0.026) <0.001 0.505 0.025 1.013 0.164

Note: abbreviations in the table captions means; b , b, — coefficients, S.E. — their standard errors, P - p-value, R> — coefficient of determination, MSE — mean square error, A — logarithmic transformation bias

LS|
and S.D. - standard deviation.
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Table 3. Statistical characteristics for equations expressing relationship between SLA in the middle part of crown in spruce by needle
sets (different years of establishment) and diameter d,.

Birth year (age) of needle set b, (S.E) P b, (S.E) P R? MSE A S.D.
2007+ (5 + rarely 6) 4.890 (0.129) <0.001 —0.242 (0.034) <0.001 0.657 0.011 1.005 0.102
2008 (4) 4.955 0.119) <0.001 —0.234 (0.031) <0.001 0.672 0.009 1.004 0.097
2009 (3) 5179 (0.135) <0.001 —0.263 (0.035) <0.001 0.667 0.012 1.006 0.109
2010(2) 5.542 (0.187) <0.001 —0.329 (0.049) <0.001 0.629 0.022 1.011 0.150
2011 (1) 6.036 (0.091) <0.001 —0.427 (0.025) <0.001 0.713 0.024 1.012 0.160

Note: abbreviations in the table captions means; b

; by, b, — coefficients, S.E. — their standard errors, P~ p-value, R* - coefficient of determination, MSE — mean square error, A~ logarithmic transformation bias
and S.D. - standard deviation.
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Fig. 3. Relationship between diameter d and individual foliage area in (a) beech and eventually projected area of 10 needles in (b) spruce
for upper, middle and lower part of the crowns.

Table 4. Statistical characteristics for allometric relations expressing leaf area in beech, eventually spruce and diameter d,.

Species Part of crown b, (S.E.) P b, (S.E.) P R? MSE
Upper —0.175 (0.016) <0.001 —0.013 (0.0005) <0.001 0.729 377400

Beech Middle —0.209 (0.018) <0.001 —0.015 (0.0005) <0.001 0.751 187209
Lower 0.285 (0.024) <0.001 0.016 (0.0007) <0.001 0.770 113901
Upper 0.408 (0.040) <0.001 0.059 (0.001) <0.001 0.546 1223

Spruce Middle 0.359 (0.047) <0.001 0.066 (0.001) <0.001 0.384 1082
Lower 0.547 (0.061) <0.001 0.066 (0.002) <0.001 0.471 1106

Note: abbreviations in the table captions means; b

; by b, — coefficients, S.E. — their standard errors, P — p-value, R? - coefficient of determination, MSE — mean square error, . — logarithmic transformation bias
and S.D. - standard deviation.

(Fig. 3a and 3b, Table 4) and also foliage weight (data not 160 1

shown). As for foliage size (area), beech leaves in the upper
part of crown were approximately twofold large than those
inthe lower part of crown. Contrasts between spruce needles
from the upper and lower part of crown were slightly smaller
than those in beech.

Toestablish further calculations for foliage area on a tree
and stand level, SLA originating from the middle part of the
crown was utilized as an average value representative of the
upper and lower crown. In fact, for estimating foliage area
on crown level, the values from all crown parts could not be 0
combinedbecause contribution of foliage from upper, middle
and lower portions of the crown to the total foliage biomass

» — 2011

———— 2010

120 -

SLA [em’.g™']
o0
S

40

0 20 40 60 80

Diameter d, [mm]

100 120

was not known. Moreover, it is supposed, that the main por-
tion of foliage existed in the middle of the crown. In spruce
trees, large differences in SLA were estimated between the
needle sets established in the particular years (from 2007 to
2011). Values of SLA decreased with needle age (Fig. 4 and
Table 3). On the other hand, all needle sets show very similar
relationships in relation to tree size.

Fig. 4. Relationship between diameter d,and SLA in spruce (mid-
dle part of crown) by needle sets based on year of establishment
(from 2007 to 2011).

Rather surprisingly, contribution of particular needles

sets (i.e. 2007, 2008, 2009, 2010, and 2011) to the total
needle biomass on the crown level did not show clear con-
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Fig. 5. Contribution of needle sets (established in 2011, 2010,
2009, 2008, and 2007 placed in the bars from up to down) to to-
tal needle biomass with regard to tree diameter d; (in ascending
order).

trasts between trees of different sizes (Fig. 5). Thus, mean
proportions of the particular needle sets were used regardless
of tree size. Specifically, needle set of 2011 was 34.6%, 2010
was31.6%,2009was 22.0%, 2008 was 10.3%, and 2007 was
1.5% from the total needle biomass.

By combining the equations for SLA and foliage biomass,
LA onatree level (expressed on diameter d ) was calculated
for beech:
[A = 1.074 e(].450+243281n dO)
At the same time, equations for LA of spruce by needle sets,
specifically current-year needles, 2-year-old needles, 3-year-
old needles, 4-year-old-needles, 5-year-old (rarely 6-year-
old) were:

LA = 0.369 6(2.957+2.005 Indg)

1
LAZ = 0.336 6(2.463+2.103 Indg)
LA = 0.2476(2.]+2.]691n dy
LA3 :0 109 6(1.876+2.1981nd0)
4 .

LA =0.016 e(1-811+2.19Indy)
S5+ :

Results of the evaluation on quantity of woody parts and
foliage were modeled as well as foliage area with regard to
diameter d, (Fig. 6a, b and c). Here, the allometric relations
for dry masses of foliage and woody parts using diameter
d, as an independent variable were implemented (Table 5).
Contrasting values occurred between the species for woody
parts biomass as well as for foliage biomass. On the other
hand, beeches and spruces had very similar values of total
foliage areas. Thus, for instance while beech trees with a
diameter d of 60 mm recorded a dry mass of woody parts of
nearly 5000 g, spruce trees of the same diameter had a dry
mass of about 2100 g. At the same time, while beech trees
with a diameter of 60 mm retained foliage with dry mass
around 450 g, spruce trees with the same diameter recor-
ded as much as 1050 g dry mass. Further, foliage areas on
treeswith diameter d of 60 mm appeared around 7.0 m*and
6.5 m?in spruce and beech, respectively.
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Fig. 6. Relationship between diameter d, and biomass of (a)
woody parts (branches, stem, coarse roots), (b) foliage and (c)
total foliage area in beech and spruce.

Interspecific difference in the proportion of foliage
biomass on total tree quantity between beech and spruce
are clear by using LMR (Fig. 7a). While value of LMR in
beech was around 0.08 (g.g™!), in spruce value was close to
0.30 (g.g Y. Inboth species, the value slightly increased with
increasing diameter d. As for LAR of very small trees (i.e.
diameterd, of 10 mm), the same value (34 cm?.g™") wasrecor-
ded in both species (Figure 7b). Then, the values decreased
with increasing diameter in both species, but more signifi-
cantlyin beech. Therefore, while beech trees with diameter of
60 mm manifest value of LAR 12 cm?2.g™!, spruce trees with
the same diameter had a LAR slightly over 20 cm2.g™".



B. Kondpkaet al. / Lesn. Cas. For. J. 60 (2014) 205-213

Table 5. Statistical characteristics for allometric relations expressing mass of foliage and woody compartments (branches, stem and
coarse roots) in European beech and Norway spruce using diameter d, as an independent variable.

Species Compartment b, (S.E) p b (S.E) p R? MSE A S.D.
Leafs —6.576 (0.256) <0.001 3.085 (0.081) <0.001 0.960 0.102 1.047 0.308
Beech Woody parts —3.357 0.191) <0.001 2.889 (0.060) <0.001 0.974 0.056 1.027 0.238
Tree together -3.318 (0.188) <0.001 2.900 (0.060) <0.001 0.975 0.055 1.026 0.234
Needles -3.079 0.171) <0.001 2432 (0.054) <0.001 0.964 0.106 1.053 0.366
Spruce Woody parts -1.719 0.138) <0.001 2283 (0.043) <0.001 0.974 0.069 1.035 0.296
Tree together —1.489 (0.134) <0.001 2321 (0.042) <0.001 0.976 0.065 1.034 0.295

Note: abbreviations in the table captions means; b, b, - coefficients, S.E. - their standard errors, P - p-value, R? - coefficient of determination, MSE — mean square error, A - logarithmic

» Yoy
transformation bias and S.D. — standard deviation.
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Fig. 7. Relationship between diameter d, and (a) LMR and (b) eventually LAR in beech and spruce.

Table 6. Characteristics of foliage and woody parts on a stand
level (average * standard error) for European beech and Norway
spruce stand.

Stand characteristics European beech Norway spruce
Weight of foliage [g.m ] 60377 2773+£151
Weight of woody components [g.m™] 7195+ 824 5980+322
LAl [m%.m2] 12.77+1.7 18.64+1.08
LMR [g.g"] 0.069 £0.009 0.290 £0.003
LAR [cm2g™'] 22.2+2.0 24.7+0.7

Interspecific differences in biomass were clear also on
a stand level (Table 6). Specifically, the beech stand main-
tained 4.6 times less foliage biomass than the spruce stand
(603 g.m2versus 2773 g.m2). On the other hand, the beech
stand shows slightly more biomass stock of woody parts than
the spruce stand (7195 g.m 2 against 5980 g.m™2). At the
same time LAI was nearly 50% higher in the spruce stand
than in the beech stand (18.64 m2.m™2 and 12.77 m2.m™2,
respectively). While only little interspecific differences were
recorded for LAR (22.2 cm?2.g ! forbeech and 24.7 cm2.g ' for
spruce) more than four times higher values of LMR occur-
red in the spruce stand (0.290 g.g™!) than in the beech stand
(0.069 g.g™).

4. Discussion and conclusion

4.1. Tree level biomass estimates

Biomass estimates of woody compartments were higher
in beech than in spruce; however the opposite situation
occurred for foliage biomass. Similar results in Pajtik et al.
(2011) demonstrate that foliage of coniferous species (Nor-

way spruce and Scots pine) contribute significantly more to
the total tree biomass than broadleaf species (European
beech and Sessile oak). This knowledge is also in accord-
ance with Kondpka et al. (2010) who found that spruce
foliage (considering it as organ of photosynthesis) of young
trees produced between two and four times more biomass of
woody components than that of beech.

These results suggest large variability of foliage mor-
phological properties (expressed by SLA) along tree crowns
and between trees of different dimensions in both beech and
spruce. This indicates that light intensity is likely to stimu-
late both size and tissue density. Closa et al. (2012) recor-
ded a higher SLA for shade foliage in young European beech
stands. SLAvalues similar to this studyare recorded forbeech
leaves by Barna (2004). Specifically, lower values of SLA
were estimated in dominant and co-dominant beech trees
than in subdominant trees. In addition, value of SLA incre-
ased from the upper to lower part of the crown with values
ranging from ca. 120 to 460 cm2.g™! (Barna 2004), 180 —
480 cm2.g ! (Closa et al. 2012) and 190 — 240 cm?.g™!
(Leuschner et al. 2006). Concerning SLA in spruce, our
values are slightly higher than those of Hager & Sterba
(1985) whorecorded arange of 30— 70 cm?2.g ! from 17-year-
-old stand. However, the needles in the upper and middle part
of the largest trees were inside the range recorded by Hager
& Sterba (1985). In spruce, SLA of needles decreased with
age. Gilmore et al. (1995) suggested that current needles
of Abies balsamea had an SLA approx. by 30% larger than
S-year-old needles.

These results proved very different values of the SLA (ca.
3 times) between beech and spruce and suggesting that the
unit of foliage beech biomass is much more efficient as for
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size of surface area than spruce. Thisis further reflected in the
ration between mass of foliage and total tree mass (LMR), i.e.
about four times larger in spruce than beech. Besides SLA,
lower efficiency of foliage biomass unit in the photosynthesis
(or wood production) is most probably related to presence
of older needle sets in spruce, which would be less efficient
thanyounger spruce needles (e.g. Freeland 1952). Moreover,
itis supposed that older needle sets, as well as needles in the
lower part of crown could suffer from lack of light availability
and contribute negligible values to tree photosynthesis.

4.2. Stand level biomass estimates

The number of trees in both stands was extremely high and
is related to successful natural regeneration in both Euro-
pean beech and Norway spruce stands. It is assumed that
the extremely high number of trees alters the light condi-
tions in the stand, especially in the spruce stand where light
availability at the ground level was very low. On the other
hand, both the beech and spruce stands had some tree-free
patches. Even though the patches were avoided during the
establishing the plots as diffused side light from the gap
edges is possible. It is suggested that the side lighting could
contribute to the high number of trees (especially for surviv-
ance of suppressed trees). In general, light intensity is very
important for needle growth and development of structure in
foliage (Kozlowski & Pallardy 1997). Gebauer et al. (2012)
showed evidence of modifications of xylem structure and
even function (especially hydraulic efficiency) in Norway
spruce needles asresponse to light intensity. Moreover, these
anatomical adaptations of Norway spruce needles occur for
instance due to thinning of the forest stands as higher values
of leaf mass per area (parameter opposite to SLA) were found
for spruce needles in thinned stands compared to unthinned
stands (Gebauer et al. 2011).

On the stand level, an interesting result is that while stan-
ding stock of woody parts was comparable in both stands (ca.
20% higher in beech than spruce), huge differences (4.6 fold)
were noted in the case of foliage biomass. Moreover, LAI
was almost 50% higher in the spruce stand than in the beech
stand. LAl in a variety of forest tree species is usually up to
10m2.m™2(e.g. Bréda 2003; Eriksson et al. 2006; Leuschner
etal. 2000) but exceptionally also slightly over this value (e.g.
Albrektson 1980; Ford 1982). These results are usually from
older stands and often from man-made forests. On the other
hand, Waring & Schlesinger (1985) explain that LAl values
in some coniferous forests can be as high as 20 m%.m=2. Nock
et al. (2008) found that LAI decreased with increasing tree
size in Acer saccharum and Betula alleghaniensis. Thus,
while trees with DBH of 30 cmhad LAl of 7.5and 8.5 m?>.m™;
trees with DBH of 70 cm have a LAl of 4.0 and 6.0 m2.m2in
Acer and Betula, respectively.

It is supposed that large difference in LAI between the
beech and spruce stands is related mainly to their contras-
ting physiological capacity (for instance low photosynthetic
activity of older needle sets in spruce) and also to specific
ecological demands (e.g. higher shade tolerance of beech).
Moreover, itis expected that the current values of LAl estima-
tedinboth stands are close to the maximum thresholds which
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could bereached during the whole-life stand development on
the site. Further stagnations or declines of leaf areas in the
stands are very probable as a result of tree reduction (mor-
tality due to high competition intensity) and also a gradually
decreasing LMR as a natural tendency in relations to tree/
stand age (see also Konodpkaet al. 2010). The conclusion that
LAl in older stands are lower is in accordance with findings
from comparisons between these results and other studies
(e.g. Albrektson 1980; Ford 1982; Bréda 2003; Eriksson et
al. 2006; Leuschner et al. 2006).

This study indicates that beech and spruce, at the young
growth stages, have contrasting growth strategies that
results in specific biomass allocation. Much more assimi-
lates were allocated into the woody parts in beech than in
spruce while the opposite allocation pattern was evident for
foliage biomass. It seems that beech foliage biomass is more
efficient at producing woody tissues (components as bran-
ches, stem and coarse roots) than spruce needles. This might
relate, besides other factors, to highervalues of SLA recorded
in beech in comparison to spruce. Moreover, this could be
connected to different age structures of assimilatory organs
between the tree species. While during growing season, all
beech foliage are always from the current year, in our spruce
stand as much as two thirds of needle biomass originated
from the previous years.
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