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Abstract: It is not clear to what extent trees growing on anthropogenic sites change their growth and
biomass allocation to different organs. We assessed the aboveground biomass in a chronosequence of six
Scots pine monocultures (between 6 and 20 years old) to examine how precisely the site-specific or con-
trol allometric equations may reflect the value of biomass accumulation and allocation in stands growing
in harsh site conditions on the overlayer spoil heap made as a result of opencast brown coal mining. The
site is characterized by poor edaphic and water conditions and nutrient deficiency. The control equations
were developed from Scots pine stands growing on post-agricultural lands in the close vicinity of the spoil
heap. We found that equation type significantly influenced results of predicted biomass accumulation for all
biomass components studied (although results were only marginally significant for total aboveground bio-
mass, P=0.08). Total aboveground biomass in younger stands (6-9 years old) estimated using site-specific
equations was >40% higher and for older stands (17-20 years old) from 7 to 27% lower than estimated
using equations developed for the control sites. Our study revealed that under harsh environmental con-
ditions in spoil heaps, biomass of young Scots pine stands significantly differ from values calculated based
on control equations developed for more fertile soils with better water conditions in the same region. The
control biomass equations may not be suitable to estimate biomass accumulation in stands growing on
infertile habitats with poor water conditions, if the control equations are developed for nearby stands but
growing under better site conditions.
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Introduction

Increasing human activities affect most of the ter-
restrial surface of the globe, creating many anthro-
pogenic sites requiring reclamation. Open-pit min-
ing is one of the anthropogenic activities resulting in
large-scale land transformation due to extreme soil
disturbance. The spoil heaps made of the subsoil and
overburden from brown coal mining are character-
ized by low soil organic matter content, extremely
low fertility, and poor physicochemical and biological
properties, limiting their quality and functions (Us-
siri and Lal 2005). The restoration of lands affected
by surface coal mining is an increasingly important
concern in many countries (e.g. Filcheva et al. 2000;
Bell 2001; Shrestha and Lal 2006; Pietrzykowski and
Krzaklewski 2007). Large portions of these areas are
reclaimed for forestry (Smith 2002).

Since forests are the largest terrestrial carbon stor-
ages, the estimation of tree biomass production and
partitioning to different organs is an essential step
in carbon balance studies (Hamburg 2000; Pregitzer
and Euskirchen 2004; Harris et al. 2006; Litton et al.
2007; Lorenz and Lal 2010; Reich 2011). Such esti-
mates of biomass are also important for monitoring
of annual and long term changes in forest productiv-
ity and modeling of macro- and micro-nutrient cy-
cling (Oleksyn et al. 2003; Reich and Oleksyn 2004).
Although there is a vast body of data on biomass de-
velopment of forest stands over time, most of them
relate to stem biomass and volume (i.e. merchantable
timber) as the most valuable parts of forest produc-
tion (e.g. Ter-Mikaelian and Korzukhin 1997; Zianis
et al. 2005; Muukkonen and Mikipdd 2006), while
other aboveground biomass components are often
omitted. Therefore, assessing the potential for long-
term carbon sequestration in aboveground forest bi-
omass requires consideration of needle and branch
biomass, which are more dynamic and flexible than
the stem component of biomass (e.g. Jagodzinski and
Katucka 2008; Jelonek et al. 2011; Pietrzykowski and
Socha 2011). Moreover, most allometric equations
used for estimation of tree biomass were developed
for natural or commercial forest sites only moderate-
ly affected by human activity (e.g. traditional forest
management practice), and it is not clear whether
they may be used for a growing number of degraded
areas (Hamburg 2000).

Chronosequence studies are widely used for as-
sessing long-term changes in forest dynamics and
quantifying standing biomass (e.g. Mund et al. 2002;
Law et al. 2003; Kolari et al. 2004; Jagodzinski and
Katucka 2010, 2011; Uri et al. 2012; Bijak et al.
2013). The assumptions of that method are that the
even-aged monospecific forest stands of an age se-
quence represent consecutive stages of forest stand
development over time and that the selected stands

have developed under comparable and fairly ho-
mogenous growth conditions (soil, climate, initial
stand density, management history, etc.). Although
biomass allocation patterns in Scots pine stands
have been intensely studied, the overwhelming ma-
jority of studies concern single stands, limiting the
ability to estimate biomass changes over time for
stands growing under similar site conditions (Gow-
er et al. 1994). Thus, the trajectory of changes in
aboveground biomass partitioning over time is still
insufficiently known for Scots pine, the tree species
most often used for land reclamation in Central Eu-
ropean countries (Rehounkova and Prach 2008). In
addition, since most empirical biomass equations
for Scots pine are restricted to pole-stage and ma-
ture stands (e.g. Zianis et al. 2005; Muukkonen and

Mikipdd 2006), some emphasis should be placed on

the small diameter tree classes in younger age stages.

For example, the estimation of stand-level biomass

allocation changes with age in Scots pine have been

presented by Ovington (1957) for 12 pine stands (age
range: 3-55 years) in Great Britain and Albrektson

(1980) in Central Sweden (7-100 years) and for sin-

gle trees of different ages (18-212 years) grown on

two types of forest sites (Myrtillus- and Calluna-type)
by Vanninen et al. (1996). In general, published data
indicate that stand age, climate conditions, nutrient
availability and genetic control are the most impor-
tant factors influencing aboveground biomass accu-
mulation and allocation (Gower et al. 1994; Vose et
al. 1994; Oleksyn et al. 1999; Jagodzinski and Katuc-

ka 2008; Poorter et al. 2012; Chmura et al. 2013).
Because pine forests occur across a wide range of

environmental and edaphic conditions (cf. Oleksyn

et al. 2002), it is possible to examine how these fac-
tors influence biomass accumulation and allocation
patterns (Knight et al. 1994). It is known that chang-
es in stand development due to differences in site
conditions may alter biomass allocation trajectories

and tree allometry (e.g. Vanninen and Mikeld 2005;

Poorter et al. 2012). On the other hand, Vanninen et

al. (1996) found that trees growing under two differ-

ent growth conditions followed the same pattern of
development for relative shares of biomass partition-
ing, but growth was faster on the more fertile site.

It is not clear whether allometric equations devel-
oped for forest habitats managed usually in sustained
way may be applied to calculate biomass allocation
and accumulation for stands growing under highly
transformed and difficult conditions of low nutrient
and/or water availability, such as mine spoil heaps.
Thus, the specific aims of our study were:

(1) to develop suitable allometric equations for in-
dividual aboveground biomass components in
young Scots pine stands (up to 20 years old)
growing under extremely unfavorable site condi-
tions of spoil heaps,
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(2) to estimate aboveground biomass components
using site-specific allometric equations and to
compare them with biomass estimated using allo-
metric equations developed from the control sites
(control equations),

(3) to analyze changes of relative biomass allocation
with stand age.

The results obtained from this study may also be
useful in further ecological studies, forest manage-
ment practice and for predicting biomass (and car-
bon storage) of forest ecosystems affected by human
activity, especially by brown coal mining.

Materials and methods

Study site

The study was conducted in six Scots pine (Pi-
nus sylvestris L.) stands aged 6, 9, 11, 15, 17, and 20
years in Belchatéw Forest District, Poland (51°12' N,
19°25' E, 400 m a.s.l.). The study plots were located
on Mount Kamienisk, which is the largest (relative
height ca. 180 m, ca. 400 m a.s.l., base surface 1500
ha) artificial overlayer spoil heap in Poland made
as a result of Belchatéw brown coal mining activi-
ty (Hotubowicz 1985; Krzaklewski 2005). Detailed
description of the research sites is presented by Ja-
godzinski and Katucka (2008, 2010).

Forest reclamation of the area started in the mid-
1980s, thus the oldest stands are now ca. 30 years
old. The most common tree species used for reforest-
ation were Betula pendula (ca. 25% of the total area),
Pinus sylvestris (20%), Alnus spp. (15%), Robinia pseu-
doacacia (12%), and Quercus spp., Populus spp., Salix
spp., Acer spp., Fraxinus spp., and Larix decidua (For-
est Management Plan 1997, manuscript). The initial
stand density of the Scots pine stands included in this
study was ca. 12000 trees per hectare (initial spacing
—1.5m x 0.6 m). Since the natural mortality of trees
was high during the first stage of stand development,
only light pre-commercial thinning treatment was
applied (except for the 6-year-old stand).

The mine spoil is formed of approximately 1300
million m? of various Quaternary and Tertiary over-
burden sediments covering the coal seam, which
were mixed, loosened and aerated. The oxidation
of pyrite (FeS,), the mineral typical for Tertiary sub-
strates, results in severe acidification (pH <2.5). In
cases where such materials had not been isolated in-
side the mine spoil, but were instead deposited near
the spoil surface, extensive amounts of lime (chalk of
lake origin from the open pit) and alkaline ash from
the nearby lignite-fired power plant were applied to
neutralize the high acidity. The spoil substrates are
mainly of slightly alkaline sandy-clayey character,
low in organic matter (sometimes with brown coal
admixture) and are very poor in nutrients. Before

establishment of tree stands, the top surface of the
heap was sown with mixed grass species and legumes
and mineral fertilizer (N and K — 60 kg ha™!, P - 70
kg ha-!) was applied to enhance the soil substrate
(Pietrzykowski et al. 2009). Top soil and humus sep-
arated during the mining process as well as lignite
and charcoal have been also used for the spoil surface
reclamation (Hotubowicz 1985; Kowalik et al. 1999;
Krzaklewski 2005; Pajak and Krzaklewski 2007).

Soil analyses were performed in the pine planta-
tions both on the mine spoil and in adjacent post-
arable land; the structure and physical features were
described and pH and organic C, B N and CaCO, con-
tent were measured (Switoniak et al. 2011, 2013).
Soil horizons have not yet formed under any of the
stands examined on the spoil. The pH (in H,0) of
the dump surface layers was rarely less than 8 (with
CaCO, almost always present), while in the affor-
ested arable land the average pH was around 5.3
(with CaCO, always absent). The concentration of
N was about half and that of P was slightly higher
in the mine spoil surface layers as compared to the
afforested arable land.

According to long-term meteorological observa-
tions (1971-2000) from the closest meteorological
station, mean annual temperature is 8.0 °C, mean
annual precipitation is 571 mm, and mean growing
season length (calculated as the number of days with
mean temperature >5 °C) is 213 days (Dubaniewicz
1979; Concise Statistical Yearbook of Poland 2007).

Biomass estimation on mine spoil heap

In September 2006 we measured diameters at
breast height (D, , ) and heights of all trees in two
plots in each stand (Table 1) examined on the mine
spoil heap. The plot area varied from 300 m? for the
youngest stand to 450-550 m? for the remaining
stands. Since a few trees in the youngest stand had
not yet reached the height of 1.3 m, we measured
their diameter at a height of 0.5 m and biomass for
these trees was estimated on the basis of diameters
at 0.5 m of height, while for the higher trees on the
basis of diameters at 1.3 m of height.

Seven to nine trees were chosen for destructive
harvest in each stand. These were chosen to rep-
resent the diameter classes present in each stand
(based on the stem diameter frequency distribution
for each stand) as well as a range of canopy heights
and canopy positions. In total, 46 model trees from
six plantations, each representing typically managed,
single-species, even-aged Scots pine stands, were
chosen for the study. The model trees were harvest-
ed in September 2006, and the cones (if present),
needles and branches were separated from the main
stem. All organs were weighed immediately in the
field to obtain their fresh mass. Cones, needles and
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Table 1. Mean (+ SE) characteristics of Scots pine stands growing on spoil heap from brown coal mining and in control
sites in Betchatéw (central Poland). One-way ANOVAs were performed separately for the stand density, tree diameters
at 1.3 m height, height of trees and stand basal area. Same letters indicate a lack of statistically significant differences
between analyzed stand traits according to Tukey’s a posteriori test (P<0.05).

Stand age  Stand density D.,. H L3m Stand age  Stand density D,. H L3m
[years] [trees ha™'] [em] [m] [m? ha'] [years] [trees ha™'] [em] [m] [m? ha']
Stands grown on mine spoil heap Control stands
6 6127 a 1.44 1.41 0.66 d 6 9430 a 1.44 1.83 d 1.79
(58) (0.04) (0.02) (0.15) (690) (0.12) (0.01) (0.44)
5744 2.78 2.44 4.03 3890 6.48 4.35 13.92
? a9 ® ©on 4 o4 9 ©e0) 9 10 1500 °© ©o7 P (002 € ©21) P
5220 2.82 2.57 3.67 5155 7.01 7.09 22.07
1 1200  ©oe) 4 003 9 ©15 9 16 @250 ° ©40) P (021) P 23
15 5237 be 5.76 c 4.94 c 14.83 c 28 1914 c 13.34 a 13.77 a 27.47 a
(97) (0.08) (0.09) (1.14) (452) (0.78) (0.18) (3.20)
4910 6.71 5.59 18.91
17 ©) ¢ 009 P ©10 P (059 P
20 4982 c 8.29 a 8.01 a 29.36 a
(109) (0.11) (0.17) (0.48)
AII\)ISI\:,A 0.0009 <0.0001 <0.0001 <0.0001 0.0011 0.0002 <0.0001 0.0018

Abbreviations: D, , - diameter at 1.3 m height of trees; H — height of trees; G,

branches were weighed separately for each whorl.
Fresh mass of stem wood with bark and branches
was weighed with at least 50 g accuracy, and fresh
mass of needles and cones with 1 g accuracy. To
calculate stem wood and bark biomass separately,
10 cm thick cross-sections of stems were cut from
the middle of every 1 m segment of the stem (e.g.
0.5, 1.5, 2.5 m, etc.). All stem cross-sections were
weighed to obtain their fresh mass. Bark was sep-
arated from wood in the laboratory and both were
dried to constant mass at 65 °C to obtain dry mass
of each cross-section (bark and wood). Dry mass of
wood and bark for the entire tree was calculated us-
ing the fresh masses of the 1 m stem segments. To
obtain the dry mass of branches, needles and cones,
samples of each were taken, weighed to obtain fresh
mass and then oven dried to a constant mass (65 °C)
in a drier with forced air circulation (ULE 600; Mem-
mert GmbH+Co.KG, Germany).

To calculate biomass of various components of
trees we developed allometric equations of the form
Y = aDb, where Y is dry biomass of the particular
tree component (kg), D is diameter at breast height
(or at 0.5 m for trees lower than 1.3 m in height) in
cm, and a and b are constant equation coefficients.
We tested different models, and selected the one
with the best fit by judging the resulting MSE (mean
squared error) and the adjusted coefficient of mul-
tiple determination (R?). Allometric equations were
developed for the following biomass components:
total aboveground biomass (AB), total aboveground
woody biomass (ABW), branch biomass (BR), fo-
liage biomass (FL), stem bark biomass (SB), stem
wood biomass (SW) and total stem biomass (ST
SW+SB). Since most of the trees produced only a
small number of cones, they were not modeled, but

,m — Stand basal area

were included in final estimates of total aboveground
woody biomass. The biomass functions were applied
to all standing trees to provide an estimate of the plot
biomass, which was then upscaled to estimate the
biomass per hectare.

Biomass estimation on control stands

To evaluate the potential influence of site condi-
tions on biomass allocation trajectories, we developed
allometric equations for all biomass components
based on model trees harvested in four pure Scots
pine monocultures growing on post-agricultural lands
in the close vicinity of the spoil heap (51°11°03.5” to
51°18’14.0” N, 19°22’39.1” to 19°27°09.7” E, ca. 195-
210 m a.s.l.). The initial stand density of the stands
ranged from 11000 to 12000 trees per hectare (initial
spacing — 1.5 m X 0.6 m). Regular light pre-commer-
cial thinning treatments were applied when stands be-
came overcrowded (except for the 6-year-old stand).
Detailed description of the research sites is presented
by Jagodzinski and Katucka (2011).

We used 31 model trees in total (7 to 8 trees from
each stand), harvested from stands 6, 10, 16, and 28
years old, and representing the range of diameters
and heights of trees present in each stand. The range
of diameters at breast height of model trees amount-
ed from 0.4 to 20.6 cm and heights from 1.33 to 15.72
m. The allometric equations were developed with the
same method as for stands grown on lignite mine spoil
heap. The allometric equations developed were then
used to estimate the biomass of each stand grown on
the spoil heap. Because some of the trees from the
youngest stand (6 years old) on the spoil heap did
not reach a height of 1.3 m, we also developed ad-
ditional set of control allometric equations based on
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Table 2. Site-specific allometric equations for different biomass components in Scots pine stands growing on spoil heap

from brown coal mining in Belchatéow.

Biomass Range of Parameters
component D H r? p
[kg d.m.] [cm] [m] a b
AB 0.0748323777348045 2.38437505891202 0.98 <0.0001
ABW 0.0422086921498093 2.55105286119757 0.99 <0.0001
ST 0.0322515302020289 2.48789163610786 0.99 <0.0001
SW 0.3-16.6 1.38-10.90 0.0197990857417363 2.62224591357882 0.99 <0.0001
SB 0.0268075934864441 1.76559638769715 0.99 <0.0001
BR 0.0131997594681446 2.57328455139068 0.95 <0.0001
FL 0.0927894516943060 1.50560694997731 0.97 <0.0001

For the stands we developed allometric equations of the form: Biomass component [kg d.m.] = aDP, where D - diameter at breast height
[cm], H - height [m], a and b - equation coefficients. Abbreviations for tree biomass components: total aboveground biomass (AB), total
aboveground woody biomass (ABW), branch biomass (BR), foliage biomass (FL), stem bark biomass (SB), stem wood biomass (SW)

and total stem biomass (ST, SW+SB).

diameters at 0.5 m in height of trees harvested from
post-agricultural lands (equations not shown).

We calculated biomass of different organs of trees
per hectare using two types of allometric equations:
(1) site-specific for mine spoil heap conditions,

(2) control equations developed from the post-agri-
cultural lands in the close vicinity of the spoil heap
(control stands).

Statistical analyses

All statistical analyses were conducted using JMP
10.0.0. (SAS Institute Inc., Cary, NC, USA; http://
www.sas.com/). ANOVAs were performed to show
the differences among stand traits analyzed and if
significant differences were noted, multiple compari-
sons were carried out based on Tukey’s test for equal
sample sizes.

Results
Allometric equations

On the basis of harvested trees (n=46), site-spe-
cific allometric equations were developed to predict
different aboveground biomass components in Scots

pine stands grown on the mine spoil heap (Table 2).
The R?values of the relationships among diameter
(D, cm) and biomass of trees were highly significant
(P<0.0001) and ranged between 0.95 and 0.99. In
general, the strongest relationships were found for
most of woody components of tree biomass, i.e. to-
tal stem (R?=0.99), stem wood (R?=0.99), stem bark
(R?=0.99), and total aboveground woody biomass
(R?=0.99). Slightly weaker relationships were found
for foliage biomass (R?=0.97) and branch biomass
(R?=0.95). We checked for potential differences be-
tween the biomass estimates of Scots pine growing
on spoil heaps using equations including trees of all
age classes and age-class specific equations. We found
that the estimates using these equations were not
significantly different, with the uncertainty level not
exceeding the accepted level of 10% (Hamburg 2000;
data not shown).

The control equations for the Scots pine stands
growing on post-agricultural lands in the close vicinity
of the spoil heap (based on 31 trees harvested) were
also highly significant (Table 3). The R? for the allo-
metric equations ranged from 0.93 for stem bark to
0.99 for total aboveground woody biomass and stem
biomass. Generally, the strongest relationships were
also found for woody components of tree biomass.

Table 3. Allometric equations for different biomass components in control stands of Scots pine growing in close vicinity

of the mine spoil heap in Betchatéw.

Biomass Range of Parameters
component D,,. H . b r? p
AB 0.0518815506516566 2.55911917376072 0.98 <0.0001
ABW 0.0366679503089246 2.65342520564160 0.99 <0.0001
ST 0.0327897785202399 2.60457358821080 0.99 <0.0001
SW 0.4-20.6 1.33-15.72 0.0231587556549311 2.68216788047766 0.98 <0.0001
SB 0.0158849768158299 2.10904899895454 0.93 <0.0001
BR 0.0041504627396663 2.86677656568688 0.94 <0.0001
FL 0.0836025380588780 1.46928272571661 0.94 <0.0001

For the stands we developed allometric equations of the form: Biomass component [kg d.m.] = aDP, where D — diameter at breast height
[cm], H - height [m], a and b - equation coefficients. Abbreviations as in Table 2.
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Biomass accumulation estimates based
on site-specific and control equations

We found that equation type (site-specific or con-
trol referring to the nearby control stands), signifi-
cantly influenced the value of biomass accumulation
calculated on a per area basis for all biomass com-
ponents measured, although differences for total
aboveground biomass were marginally significant
(Table 4). In addition, we found a highly significant
influence of stand age on biomass accumulation per
stand area and an interaction between site-specific
vs. control equation and stand age.

Total aboveground biomass per area in younger
stands (6- and 9-year-old) estimated on the basis of
site-specific allometric equations was higher than es-
timated on the basis of allometric equations estab-
lished on model trees from the control stands (Table
5). In those stands the highest statistically significant
differences were noted for branch and foliage bio-
mass. At age 11 most of biomass components were
higher when estimated by control equations, except
foliage biomass, and the differences were statistical-
ly significant. In older stands (15, 17, and 20 years
old) the biomass calculated using control allometric
equations was generally higher than estimated on the
basis of site-specific biomass equations. At age 15 the
statistically significant differences were noted only
for branch and foliage biomass, whereas at ages 17
and 20 years, most of biomass components differed
significantly. We found that for most of the stands the
highest differences among estimated biomass compo-
nents were for foliage and branch biomass. For exam-
ple, foliage biomass estimated by site-specific equa-
tions was 88, 138, 32, 48 and 19% higher for stands
6,9, 11, 15, and 17 years old, respectively, in compari-
son with biomass calculated by equations established
for the control stands. Similarly, the branch biomass
was 188, 110, 71, 28, and 2% higher for stands 6, 9,

Table 4. Results of two-way ANOVA showing the influence
of equation type (site-specific or control delivered from
nearby control stand), age and equation type X stand
age on different biomass components per stand area ba-
sis for Scots pine stands growing on spoil heaps from
brown coal mining in Belchatéw. Abbreviations as in
Table 2.

Biomass ANOVA P>F
component Equation Stand Equation type X
[kg ha™'] type age Stand age
AB 0.0829 <0.0001 0.0009
ABW 0.0029 <0.0001 0.0007
ST <0.0001  <0.0001 <0.0001
SW <0.0001  <0.0001 <0.0001
SB <0.0001  <0.0001 <0.0001
BR <0.0001  <0.0001 0.0021
FL <0.0001 <0.0001 0.0121

15, 17, and 20 years old, respectively, when calculated
by site-specific equations.

Comparing remaining woody biomass compo-
nents (total aboveground woody, stem, stem bark
and stem wood biomass) we found that the biomass
storage was not statistically different for stands 6,
9, and 15 years old, regardless of the model origin.
However, distinct differences for the biomass com-
ponents studied were found for stands 11, 17, and
20 years old - for these stands biomass of all com-
ponents was significantly higher when calculated by
control allometric equations (Table 5).

In addition our data showed that equation or-
igin significantly affected estimated proportion-
al allocations of biomass components within total
aboveground biomass (P<0.0001 for all biomass
components). Moreover, we found a significant in-
fluence of stand age on the proportions of all biomass
components in aboveground mass and an interac-
tion between sources of equations and the stand age
(P<0.0001).

Our study revealed that proportions of biomass
components within total aboveground biomass are
significantly different when calculated by site-spe-
cific and control allometric equations (Table 6). The
lack of significant differences was found only for bio-
mass allocation to branches for 11-year-old stand. In
general, the proportional allocation of aboveground
mass to foliage and branches was underestimated
when calculated on the basis of control allometric
equations developed for the Scots pine stands grow-
ing on post-agricultural lands in the close vicinity of
the spoil heap (control sites). For example, propor-
tional allocation to foliage was 41, 33 and 36% of to-
tal aboveground biomass for stands 6, 9, and 11 years
old, respectively, when calculated by site-specific al-
lometric equations and 34, 21 and 25% when control
allometric equations were used. A similar pattern
was observed for proportion of branch mass of the
stands studied. Finally, the differences in proportion-
al biomass allocation calculated using site-specific
and control allometric equations were similar in old-
er stands.

Biomass accumulation vs. stand age

As expected, our data showed highly significant
differences in particular biomass components calcu-
lated on area basis for a chronosequence of stands
and for both types of allometric equations used in
the study (Table 5). The total aboveground biomass
increased with stand age and varied from 5.3 Mg
ha™! in the youngest stand to 52.6 Mg ha™! in the
oldest stand, when site-specific allometric equations
were used for biomass estimation, and from 3.5 to
66.6 Mg ha"!, when biomass was calculated on the
basis of control equations developed for the control
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Table 5. Mean biomass components [Mg ha™!; £SE] in Scots pine stands differing in age estimated on the basis of two
equation types (site-specific and control delivered from nearby control stands). One-way ANOVAs were performed
separately for particular biomass components to check differences among stands differing in age (horizontally) and
within the stand among biomass obtained by site-specific and control equations (vertically). Same letters indicate a
lack of statistically significant differences between analyzed stand traits according to Tukey’s a posteriori test (P<0.05).

cc?rlr?;g?)sesnt Equation Stand age ANOVA
[Mg ha~'] type 6 9 11 15 17 20 P>F

AB site-specific 5.3 (0.8) ¢ 9.8 (1.4) c 11.0 (0.2) ¢ 340 (2.8) b 39.8(1.3) b 52.6 (1.2) a <0.0001
control 3.5(0.5) e 6.7 (1.3)de 12.1(0.1)d 30.8(22.7)c 426(1.4)Db 66.6 (1.5) a <0.0001

65% *1 69% * 110% ** 91% 107%™ 127% **
ABW site-specific 3.1 (0.5) ¢ 6.5 (0.9) c 7.0 (0.2) ¢ 27.5(2.3)b 33.0(.1)b 477 (1.1) a <0.0001
control 2.3(0.3)d 53 (1.0)d 9.1 (0.1)d 264 (23)c 369(1.3)b 61.3(1.3) a <0.0001

73% s 82% s 129% ** 96% 112%™ 129% **
ST site-specific 1.3 (0.2) ¢ 3.9 (0.5) ¢ 3.9(0.2) c 176 1.4) b 219 (0.7) b 38.2(0.8) a <0.0001
control 1.7 (0.2) d 4.1 (0.8) d 5.7 (0.0) d 20.6 (1.7) ¢ 28.2 (1.0) b 52.0 (0.9) a <0.0001

129% s 105% 145% ** 117% " 129% ** 136% ***
SW site-specific 0.9 (0.2) d 3.0 (0.4) d 2.9 (0.2) d 14.1 (1.2) ¢ 17.7 (0.6) b 33.0(0.7) a <0.0001
control 1.2 (0.2)d 3.0 (0.6) d 4.4 (0.0)d 16.4 (1.4)c 22.9(0.8) b 43.4 (0.7) a <0.0001

133% * 102% s 150% ** 117%"s 129% ** 131% ***
SB site-specific 0.4 (0.1) c 0.9 (0.1) c 1.0 (0.0) ¢ 3.5 (0.3)b 42 (0.1)b 5.1(0.1) a <0.0001
control 0.5 (0.1) d 1.1 (0.2) d 1.3 (0.0) d 4.2 (0.3) c 53(0.2)b 8.6 (0.1) a <0.0001

120% s 114%™ 132% ** 119%™ 126% ** 168% ***
BR site-specific 1.9 (0.3) b 2.6 (0.4) b 3.1(0.1)b 9.9 (0.8) a 11.1 (0.4) a 9.5 (0.3) a <0.0001
control 0.6 (0.1) d 1.2 (0.3) d 3.4 (0.1) c 5.8 (0.5) b 8.7 (0.3) a 9.3 (0.5) a <0.0001

35% *** 48% ** 108% * 58% ** 78% ** 98% "
FL site-specific 2.2 (0.3) d 3.3 (0.5) cd 4.0 (0.1) c 6.6 (0.5) ab 6.8 (0.2) a 4.9 (0.1) bc 0.0003
control 1.2 (0.2) ¢ 1.4 (0.3) ¢ 3.0(0.2)b 4.4 (0.4)a 5.7 (0.2) a 53(0.2) a <0.0001

53% ** 42% ** 76% ** 68% ** 84% ** 108% ms

Abbreviations for tree biomass components: total aboveground biomass (AB), total aboveground woody biomass (ABW), total stem
biomass (ST, SW+SB), stem wood biomass (SW), stem bark biomass (SB), branch biomass (BR) and foliage biomass (FL).

Percent of differences in values obtained using control allometric equations in comparison with site-specific equations. Abbreviations:
ns - not statistically significant; * - significant at P<0.1; ** — significant at P<0.05; *** — significant at P<0.01.

stands. The biomass of particular organs of trees
in the stands increased with stand age. Comparing
the youngest (6 years) and oldest (20 years) stands,
biomass of needles, branches and stems increased
1.3, 4.1, and 29 fold, respectively, when site-specific
equations were used (Table 5).

We found several significant relationships among
stand age and different biomass components, regard-
less of the allometric equation type used for biomass
calculation. When site-specific allometric equations
were used, there were significant positive relation-
ships of the quadratic form among stand age and
total aboveground biomass (R?=0.98, P=0.0035),
aboveground woody biomass (R?*=0.98, P=0.002),
stem wood biomass (R?=0.99, P=0.001), stem bark
biomass (R?=0.97, P=0.006) and stem biomass
(R?=0.99, P=0.0009). The weakest relationship was
found for stand age and needles (R?=0.84, P=0.062)
and branch biomass (R?=0.83, P=0.067), indicating
that both biomass components were much more var-
iable in the stands studied than other organs. Simi-
lar relationships were found when control equations
were applied.

The stand age significantly influenced proportion-
al allocation of biomass to particular organs of trees,

regardless of the allometric equation type used for
biomass estimation (Table 6). In general, the pro-
portion of foliage and branch biomass decreased
with increasing stand age, however the relationships
were statistically significant only for foliage bio-
mass (R?=0.95, P=0.001 for site-specific equations;
R?=0.89, P=0.004 for control equations). Moreover,
the proportion of woody biomass components signif-
icantly increased with age; the lack of significant re-
lationship was found only for proportional allocation
to stem bark with stand age. Trajectories of changes
were similar for both types of allometric equations
used in the study.

Discussion

Our study has indicated that harsh environmen-
tal conditions (degraded soil, low soil nutrient con-
centrations) existing in spoil heaps from brown coal
mining (Kowalik et al. 1999; Krzaklewski 2005; Swi-
toniak et al. 2013), affected D , and/or height of
trees resulting in significant differences in biomass
of young pine stands when calculated based on con-
trol equations developed for control stands from the
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same region. These results support the hypothesis
that growing conditions may significantly modify
allometric relationships due to differences in stand
development trajectories. The largest differences
were observed for needle and branch biomass, which
are significantly higher in stands growing on spoil
heaps than those expected based on allometric equa-
tions of the control stands (Table 5). We expected
that aboveground biomass of stands grown on the
extremely unfavorable site conditions of the spoil
heap and calculated on the basis of site-specific allo-
metric equations, would be lower due to slower tree
growth, than biomass estimated from equations de-
veloped for control sites, where growing conditions
were better. The opposite result that we obtained
for the youngest stands (6 and 9 years old) might
be partly explained by higher natural tree mortali-
ty in stands grown on the mine spoil heap due to
harsh water conditions (there is no detectible ground
water table) and severe deficiency of nutrients (Ja-
godzinski and Katucka 2008, 2010; Switoniak et al.
2011), resulting in higher competition among trees
than in the control stands. Densities of stands grown
on the mine spoil heap were usually lower than those
in the control sites (Table 1), which may have led to
increased biomass allocation to needles and branch-
es. For example, the proportions of needle biomass
within aboveground biomass for stands grown on
the control site were ca 30.8, 20.4, 13.0 and 5.6%
for stands 6, 10, 16 and 28 years old, respectively
(data not shown), but were distinctly higher than
these calculated for stands grown on the spoil heap,

—@— site-specific equations ,E‘ ]
= =[3- - control equations Do'
14 O o’
o J
'l
12A D 'I

Height [m]
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]

—y=1.5401+0.57812x R?=0.79 P<0.0001

----- y=0.7834 + 0.80625x R’=0.84 P<0.0001
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Fig. 1. Relationships between diameter at breast height
and height of model trees harvested in stands grown on
a mine spoil heap (site-specific equations) and control
stands (control equations)

using the site-specific equations (Table 6). The dif-
ferences in the proportion of needle biomass in total
aboveground stand biomass may be a result of lower
stand density on the spoil heap in comparison with
the control stands. This would cause better light pen-
etration and greater needle longevity, since increased
irradiances increases the proportional allocation of
photosynthates to needle growth and development
(Kelloméki 1981). Several previous studies indicate
that better light conditions and more growing space
per tree enable the trees to allocate more biomass
to needles and branches (Kelloméki 1981; Vanninen
et al. 1996; Wirth et al. 2002; Jagodzinski and Olek-
syn 2009a,b). Trees grown on infertile sites may also
have increased needle longevity (Reich et al. 1996;
Pensa et al. 2007). In addition, poorer growing con-
ditions on the spoil heap in comparison with the con-
trol sites are clearly visible when diameter to height
relationship of model trees is considered — most of
the trees with D , >7 cm harvested in the control
sites were taller than trees with similar diameters
harvested on the spoil heap (Fig. 1).

The ratios of needle to branch biomass for stands
grown on the spoil heap are higher than for the con-
trol stands. For example, this ratio is 1.2, 1.3 and 1.3
in stands 6, 9 and 11 years old, respectively, and 0.7,
0.6 and 0.5 in stands 15, 17, and 20 years old (when
biomass of needles and branches was estimated by
site-specific equations), while for the control stands
the ratios were 0.99, 0.56, 0.61 and 0.35 for stands
6, 10, 16 and 28 years old (data not shown; biomass
estimated by site-specific equations for each stand
separately). This data supports the assumption that
site conditions may alter biomass allocation.

Our data revealed a marked influence of growth
conditions on parameters of site-specific and control
allometric equations, resulting in highly significant
differences in predicted biomass allocation and accu-
mulation when control (as opposed to site-specific)
equations were applied to stands growing in harsh
conditions existing on the spoil heap. Our data has
indicated that control allometric equations may un-
derestimate total aboveground biomass of young
stands (6 to 9 years old), by ca. 30%. In the older
stands, e.g. 15 to 20 years old, the total aboveground
biomass may be overestimated by 7 to 27% (Table
5). Since these biomass estimates exceeded the com-
monly accepted uncertainty level of 10% (Hamburg
2000), tree biomass for harsh conditions such as on
mine spoil heaps should be calculated by site-specific
equations.

The present study revealed changes in biomass
partitioning with stand age. Our data showed that bi-
omass production and proportional allocation to dif-
ferent organs, calculated on the basis of site-specific
equations, depended on stand age. In general, total
aboveground biomass of stands in our study was
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Table 6. Mean proportional biomass allocation to different components [%; =SE] in aboveground biomass of Scots pine
stands differing in age estimated on the basis of two equation types (site-specific and control delivered from nearby
control stands). One-way ANOVAs were performed separately for particular biomass components to check differences
among stands differing in age (horizontally) and within the stand among biomass obtained by site-specific and control
equations (vertically). Same letters indicate a lack of statistically significant differences between analyzed stand traits
according to Tukey’s a posteriori test (P<0.05). Abbreviations as in Table 2.

Biomass Equation Stand age ANOVA
component type 6 9 11 15 17 20 P>F

ABW site-specific  58.9 (0.8)d _ 66.6 (0.0)c 639 (1.2)c 807 (0.) b 83.0(0.0)b 90.6 (0.0)a <0.0001
control 66.5(0.0)e 79.5(0.1)c 750(12)d 85.6 (0.0)b 86.6(0.0)b 92.0(0.1)a <0.0001

ANOVA P>F 0.0100 <0.0001 0.0223 0.0009 <0.0001 0.0042
ST site-specific  24.0 (0.5) f 402 (0.3)d 356 (12)e 51.7(0.0)c 551(0.0)b 72.6(02)a <0.0001
control 479 (04)d 61.2(04)c 47204 d 668(0.2)b 663(0.00b 78.1(0.5)a <0.0001

ANOVA P>F 0.0006 0.0006 0.0114 0.0001 <0.0001 0.0086
SW site-specific 17.0 (0.3) f 30.5(0.1)d 26.5(1.0)0e 41.3(0.1)c 44.6 (0.0)b 62.8(0.2)a <0.0001
control 349 (0.1)d  45.0 (0.3)c 36.1(0.3)d 532(0.0)b 53.8(0.1)b 652 (0.3)a <0.0001

ANOVA P>F 0.0003 0.0004 0.0120 <0.0001 <0.0001 0.0271
SB site-specific 7.0 (0.1)d 9.7 (02)bc 92 (0.2)c 103 (0.1)ab 10.5(0.0)a 9.8 (0.0) bc  <0.0001
control 13.0(03)b 162 (0.7)a 11.1(0.0)c 13.6 (0.1)b 12.4 (0.0)bc 13.0 (0.1)b  0.0003

ANOVA P>F 0.0027 0.0105 0.0086 0.0021 0.0002 0.0015
BR site-specific 349 (0.3)a 26.5(0.3)d 28.2(0.00bc 29.1(0.1)b 279(0.0)c 18.0(0.2)e <0.0001
control 18.6 (0.4)b 183 (0.5)b 279(0.8)a 18.8(0.1)b 20.4(0.00b 13.9 (0.4)c <0.0001

ANOVA P>F 0.0009 0.0054 0.6881 0.0002 <0.0001 0.0105
FL site-specific  41.1 (0.8)a 33.4(0.00b 36.1(12)b 193 (0.1)c 17.0(0.0)c 9.4 (0.0)d  <0.0001
control 335(0.0)a 205(0.1)c 250(12)b 144(0.0)d 13.4(0.0)d 80(0.1)e  <0.0001

ANOVA P>F 0.0100 <0.0001 0,0223 0.0009 <0.0001 0.0042

higher than reported by Ovington (1957) for Scots
pine stands with a similar age range. For example, to-
tal aboveground biomass in our sites was 17 and 20%
higher in stands 17 and 20 years old, than for stands
of the same age from the cited study. Such a result
was unexpected since our stands grow on an inher-
ently infertile substrate and growing conditions on
the mine spoil heap are not very favorable (e.g. lack
of groundwater, deficiency of nutrients, low organic
matter, degraded soil) (Hotubowicz 1985; Kowalik et
al. 1999; Krzaklewski 2005; Switoniak et al. 2011,
2013). Furthermore, better site quality may promote
biomass production (Albrektson 1980; Vanninen
et al. 1996), thus the lower biomass in Ovington
(1957) study in comparison with our data suggests
that other factors may play a crucial role in biomass
production. Apart from that, the changes of biomass
production per hectare with age in both studies may
reflect changes in stand density following traditional
stand management (initial stand density, pre-com-
mercial thinning treatments; Jagodzinski and OIl-
eksyn 2009a,b). For example, in our study stand
density significantly decreased with age (R*=0.83,
P=0.01), while in the Ovington (1957) study stand
densities in older stands (i.e. 14, 17, and 20 years
old) were higher than in the youngest (3, 7, and 11
year old) stands.

Biomass accumulation in even-aged, single-spe-
cies stands may be very variable even if they grow
in similar conditions. For example, Oleksyn et al.
(2000) found that 16-year-old Scots pine stands

from 19 geographically distinct populations grown
in a common garden experiment in central Poland
(52°N) produced 0.8 to 8.4 Mg needles ha~! and 9.4
to 72.5 Mg ha™! of total aboveground biomass, al-
though at the same time, the proportion of foliage
biomass within total aboveground biomass was very
narrow (approximately 8.8%, 9.4%, and 11.0% for
Scots pine populations of southern, northern and
central origin, respectively). Foliage biomass of
northern (3.0 Mg ha-!) and southern (1.2 Mg ha™!)
populations in the Oleksyn et al. (2000) study were
distinctly lower in comparison with our data (mean
of 15- and 17-year-old stands), whereas mean foli-
age biomass of central populations (6.6 Mg ha™!)
was similar to ours (i.e. 6.7 Mg ha~!). At the same
time most of the stands of central origin described
by Oleksyn et al. (2000) had considerably higher to-
tal aboveground biomass than in our study, where-
as northern and southern populations revealed sig-
nificantly lower total aboveground biomasses. The
higher crop biomass of central populations in their
study may be due to better growth conditions (for-
est soil, higher nutrient and water availability) in
comparison with ours, whereas the lower crop bio-
mass of southern and northern populations may be
a result of higher tree mortality and altered biomass
allocation patterns since nutrients affect growth by
changing biomass allocation and tree size primarily
modifies biomass allocation (Portsmuth et al. 2005).
The fact that the mean foliage biomass proportion
for 15- and 17-year-old stands was 18% in our study,
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but only 11% (and fairly stable among population or-
igins) in Oleksyn et al. (2000), despite very similar
stand densities between the two studies (5074 and
4761 trees ha!, respectively), confirms that poor site
conditions may promote biomass allocation to foli-
age (see also Reich et al. 1996; Vanninen and Mikel4
2005). In conclusion, both our data and works pub-
lished previously by other authors have shown that
foliage biomass is very difficult to predict with satis-
factory precision because of its high variation relat-
ed to site condition and stand properties. Thus, the
prediction of foliage biomass for a given site based
on results obtained from other sites, should be done
with caution.

In summary, results of our study indicate that
growth conditions and stand features significantly
influenced allometrically derived estimates of tree
biomass generated using control equations of tree
biomass from a Scots pine chronosequence. The data
revealed that the biomass of stands growing under
harsh environment conditions (degraded soil, low
soil nutrient concentration and water deficit) exist-
ing in mine spoil heaps significantly differed from
values calculated based on control equations devel-
oped for the same region but for the stands grow-
ing on more fertile soils. These differences may be
due to differences in stand structure resulting from
higher tree mortality on the spoil heap and changes
in tree growth trajectory. It is likely that control bio-
mass equations may not be suitable to satisfactorily
estimate biomass accumulation and proportional al-
location in stands growing on disturbed or infertile
and dry habitats, even if the control equations are
developed for nearby stands, but grown on better site
conditions.
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