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Abstract In leaves of birch (Betula pendula Roth),
changes in the content of total sulphur and its inorganic and
organic forms were determined in relation to the decreasing
air-pollution load (SO;) in the air-polluted Krusne hory
mountains and the Decin sandstone highlands in 1995,
1998, 2001 and 2004. Results have shown that birch is able
to use considerable amounts of sulphur taken through
leaves from air-pollution load. Birch responds fast to
changes in air-pollution load by fall in the content of total
and inorganic forms of sulphur in leaves.
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Introduction

Large-scale clearcuts, which originated after a dieback of
forest stands in the air-polluted Krusne hory mountains and
the Decin sandstone highlands, were reforested by stands
of substitute tree species making possible to preserve other
forest functions. One of the most important tree species in
the new stands became silver birch (Betula pendula Roth)
(Kula 2006). The species is site-undemanding, important
from soil-improving aspects, little endangered by game.
For reasons of limited knowledge on the species, a pro-
gramme was worked out of the comprehensive monitoring
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of the birch. Within the programme, in 1995, in the period
of the culmination of air-pollution inputs of the 1990s, the
first evaluation was carried out of the content of nutrient
and other elements in birch leaves under various site con-
ditions of the eastern Krusne hory mountains and the Decin
sandstone highlands (Hrdlicka and Kula 1998). In the fol-
lowing period, effects were systematically monitored of the
decrease of air-pollution load on the content of elements in
assimilatory organs of birch (Hrdlicka and Kula 2004). The
aim of the paper is to assess changes in the content of the
total sulphur and its inorganic and organic forms in birch
leaves in 1995-2004 in relation to the decrease in sulphur
compounds’ air-pollution in the Krusne hory basin.

Materials and methods

In the north-western part of the Czech Republic, in the area
of the eastern Krusne hory mountains (“The Ore Mts”) and
the Decin sandstone highlands, four altitudinal transects
were established: Klasterec (KLA; approximately 50°23'N,
13°02'E), Janov (JAN; approximately 50°32'N, 13°24'E),
Litvinov (LIT; approximately 50°38'N, 13°37'E) (500—
900 m altitude) and Sneznik (SNE; approximately
50°52'N, 14°03’E) (500-700 m altitude) (Fig. 1 in Hrdli-
cka and Kula 2004). The transects differ in air-pollution
load, which decreases eastwards. In the area under inves-
tigation, decrease in SO, concentration was noted in the
period 1995-2004 (Table 1).

Control branches with fully developed leaves were
sampled at the end of the growing season (August 1995,
1998, 2001, 2004) from the upper, released and well-lit part
of the crown of permanent sample trees according to stan-
dard methodology (UN-ECE 1998). Sampling was carried
out in the altitudinal profile of all transects (Hrdlicka and
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Table 1 Annual mean atmospheric SO, concentrations in particular
transects of the Krusne hory mountains

Year Atmospheric SO, concentrations (ug m~> year™ ")
KLA JAN LIT* SNE
1995 66.0 65.6 50.0/43.5 44.1
1998 17.1 17.0 28.0/16.8 22.4
2001 7.8 8.3 14.0/8.9 124
2004 10.0 8.0 14.0 11.0

Anonymous 1996, 1999, 2002, 2005—Data adopted from stations:
KLA-Medenec: 846 m alt.; JAN-Rudolice v Horach: 843 m alt.;
LIT-Krupka: 306 m alt./Flaje: 754 m alt.; SNE-Sneznik: 588 m alt

* Flaje station measurement finished in 2003

Kula 1998) in 54 stands from 162 trees (1995), in 53 stands
from 157 trees (1998), in 52 stands from 156 trees (2001)
and in 54 stands from 154 trees (2004). Sampled branches in
paper bags were translocated to laboratory conditions where
leaves (including petioles) were torn (contamination was
eliminated using textile gloves). After natural and gradual
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drying, leaves were ovendried at 70°C for a period of 24 h.
Then, leaves were ground (sieve 0.5 mm), placed in PE
bottles under laboratory conditions and analysed. The
content of total sulphur (S, pg g~ '; LECO analyzer) and its
inorganic form (Sa, pg g~ '; isotachopheretic analyzer) was
determined according to methodology of Hrdlicka (2005).
Based on these data, the content of the organic form of
sulphur (So = § — Sa) and index Q = So/Sa were calcu-
lated. Results are given with a confidence interval
(o = 0.05). Data were classified according to the year of
sampling (Y; values 95, 98, 01, 04), transect (TRAN; KLA,
JAN, LIT, SNE) and the stand altitude (ALT; 500, 600, 700,
800 and 900 m).

For statistical evaluation, ANOVA procedures were used
(StatSoft, Inc. 2005); for the determination of statistically
significant differences, the graphic comparison of the con-
fidence intervals was utilized (see Figs. 1, 2). After the data
transformation, the estimation of S, Sa and So values for
Q0 =1 was performed by the means of the regression
analysis of the model In Q = f(Sa). The alternatives where
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Fig. 1 The content of sulphur forms (pg gfl) in birch leaves in transects (TRA) and altitudes (ALT)—mean =+ confidence interval (o = 0.05)
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O>1 and Q <1 were marked as So-dominant and
Sa-dominant, resp. The dominance is dependent on the
metabolism of sulphur compounds. In the cases where
O~ 1 or <1, the capacity of sulphur compound
metabolism is depleted, the organic form is not created and
the content of inorganic sulphur compound is enhanced
(Gasch et al. 1988, 1990).

Values of the content of total sulphur, the content of
inorganic and organic sulphur and Q index were assessed
in relation to a hypothesis that changes in air-pollution load
(SO,) become evident in the content of total sulphur or
forms of sulphur in birch leaves, whereas the amount of
total sulphur or forms of sulphur found in birch leaves
provide at least sufficient nutrition of a tree. For this
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purpose, criteria of Hrdlicka and Kula (1998) and Fiirst
(2003) (for content of total sulfur) and criteria of Gasch
et al. (1990) and Hrdlicka (2005) (for Q value) were used.

Results
The content of sulphur and its forms (1995)

The content of total sulphur (S) was highest in the Klasterec
transect, gradually decreasing towards east (the Janov,
Litvinov and Sneznik transects). The content of total sulphur
ranked in the stands from sufficient (minor part of values) to
optimum/surplus (major part of values), in the Klasterec
transect all stands among the CC3 classification class
(Table 2). The mean content of total sulphur in stands of
various altitude fluctuated or did not change, namely in
the Klasterec transect above the level of 3,000 pg g~ ', in
the Janov and Litvinov transects at the level of 2,500 pg g ",
in the Sneznik transect at the level of 2,000 pg g~ (Fig. 1).

The content of the inorganic form of sulphur (Sa)
decreased from the western to the eastern transect. Higher
mean values were determined in stands occurring at 800
and 900 m altitude of the Klasterec transect; in other
transects, the Sa content did not differentiate with altitude
(Fig. 1). The content of the organic form of sulphur (So) in
particular transects was even. It applies (with exceptions)
also to mean values in stands of various altitudes (Fig. 1).
Values of the content of sulphur in stands of the Klasterec
transect exceeding 3,000 pg g~ correspond to comparable
values of Sa and So, at higher altitudes even Sa > So. In
other transects, Sa < So. Generally, the amount of

Table 2 Distribution of different classes of sulphur nutrition (%;
according to transects and time of sampling)

Transect Class 1995 1998 2001 2004
KLA CCl1 0 6 19 42
cC2 0 90 81 58
CC3 100 4 0 0
JAN CC1 0 4 19 25
cC2 15 88 69 75
CC3 85 8 12 0
LIT CCl1 0 14 31 23
cc2 10 81 67 72
CC3 90 5 2 5
SNE CC1 0 0 63 53
cC2 40 69 38 47
CC3 60 31 0 0

CC1: insufficient (S < 1,300 pg g~"); CC2: sufficient (S in range
1,300-2,000 pg g~"); CC3: optimum/surplus (S > 2,000 pg g~ ")
(see Hrdlicka and Kula 1998; Fiirst 2003)
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Table 3 Classification of the effect of air-pollution according to Q
index (Gasch et al. 1990; Hrdlicka 2005) and distribution of different
classes of Q value (%; according to transects only for 1995)

Class Characteristics Q value KLA95 JAN95 LIT95 SNE95
of the effect (%) (%) (%) (%)
of air-pollution

CQ1 No effect >2.00 0 7 74 94
CQ2 Slight effect 2.00-1.21 26 62 17 3
CQ3 Medium effect 1.20-0.81 40 27 9 3
CQ4 Strong effect  0.80-0.51 30 4 0
CQ5 Very strong <0.51 4 0 0 0

effect

Table 4 Regression models In Q = a — b(In Sa) for particular years
of sampling (> = index of determination; all transects)

Year a b 7~

1995 7.40 1.01 0.8922
1998 7.48 1.04 0.9378
2001 6.90 0.97 0.8319
2004 6.79 0.95 0.9606

inorganic form of sulphur between particular stands was in
agreement with the content of total sulphur (Fig. 1). Values
of Q95 index corresponded to this fact. In stands of the
Klasterec transect, values of Q95 decreased with an
increasing altitude below a value of 1. Stands belonged to
classes of the CQ4 and CQ3 effect of air-pollution
(Table 3), which showed evidence of the higher content of
Sa95 in leaves. In other transects, Q95 index increased east,
effects of air-pollution decreased, classes CQ2 and CQl
(Table 3, Fig. 2b) as well as the value of Sa95 decreased
(Fig. 1).

The regression model In Q95 = f(In Sa95) and the
estimate of its coefficients were highly significant, showing
very high degree of relationship (Table 4). The equivalent
value of the coefficient (Gasch et al. 1990) Q = So/Sa = 1
corresponds to the content of an inorganic and organic
fraction Sa = So = 1,520 pg g~ ' and the content of total
sulphur 3,040 ug g~'. This value is exceeded by 21% of
determinations, all of them from the east Krusne hory
mountains area. The one-fifth part of monitored stands is
Sa-dominant.

The content of sulphur and its forms (1998, 2001, 2004)

The content of total sulphur was lower in transects of the
western Krusne hory mountains as against 1995 being
comparable at the level of transects. In the Sneznik tran-
sect, it was similar in 1998 as in 1995 and then decreased to
the level of transects of the eastern Krusne hory mountains.
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The distribution of values to classes gradually shifted to the
class of the sufficient and insufficient content (Table 2).
The mean content of S in stands of the various altitude of
transects in the eastern Krusne hory mountains gradually
decreased from 1,800 ug g~ ' in 1998 up to the limit of
1,500 pg g_1 in 2004. In the Sneznik transect, the content
of § in stands of various altitude was at the level of
2,000 pg g~ in 1998; in other years, the content decreased
to the level of 1,300 pg g~ (Fig. 1).

The content of inorganic form of sulphur in transects
was comparable in particular years gradually slightly
decreasing in this period. Mean values gradually decreased
from the level of 400 pg g~ to the level of 200 pg g~
(Fig. 1). The content of the organic form of sulphur was
balanced in particular transects being slightly higher in the
Sneznik transect in 1998 only. Mean values in stands of
various altitude fluctuated between 1,000 and 1,400 pg g~'
(the Sneznik transect 1998 a level of 1,600 pug g™
(Fig. 1).

In all the transects, the content of the organic form of
sulphur markedly exceeded the content of the inorganic
form. At the same time, the content of the So changes
similarly as the content of the total sulphur while the
content of Sa was stable. The increasing prevalance of So
over Sa became evident in the general increase of values of
Q index (Fig. 2a). The values were, however, considerably
variable and predominated class CQ1 (for KLA, JAN all
values; for LIT, SNE more than 95% values).

Regression models In Q = f(In Sa) for particular sam-
plings and estimates of their coefficients were highly
significant determination indexes showing the very high
degree of relationship (Table 4). The equivalent value of a
coefficient Q = So/Sa = 1 corresponds to the content of an
inorganic and organic fraction Sa = So, 1,288 ug g in
1998 (the content of total sulphur = 2,576 pg g™ "),
1,215 ug g=' in 2001 (the content of total sulphur =
2,430 pg g "and 1,310 pg g~ ' in 2004 (the content of total
sulphur = 2,620 pg g '). None of the measured values
exceeds the content of total sulphur corresponding to the
equivalent value Q; the stands are So-dominant.

Discussion

Sulphur is on the one hand an important macroelement
inevitable for the growth of trees (Marschner 2002); on the
other hand, its compounds (SO,) rank among important
pollutants (Zeleny and Zelena 1996). There are criteria for
birch to assess sulphur as a macroelement (Table 2), but
there are no criteria from the aspect of air-pollution load. It
is possible to proceed data for beech, where negative
impacts of air-pollutants (SO,) are given at the content of
total sulphur >2,000 pg g~ (Pfanz et al. 1993). So far

published values of the content of total sulphur in birch
leaves from stands affected by air-pollution exceed this
value; however, visible damage to assimilatory organs does
not occur (Nebe 1997; Hrdlicka and Kula 1998, 2004).

Effects of the air-pollution load on the content
of sulphur

The content of sulphur (total, organic and inorganic) was
monitored in period of 1995-2004 in birch leaves in two
air-polluted areas: Krusne hory mountains and Decin
sandstone highlands. According to values of air-pollution
monitoring by CHMU (Czech Hydrometeorological Insti-
tute) stations in the eastern Krusne hory mountains and in
the Decin sandstone highlands, decrease in the annual
mean atmospheric SO, concentration occurred below 20
and 25%, respectively, at the end of this period (2004), in
comparison with the level in 1995.

Changes in air-pollution (1995-2004) induced funda-
mental decrease in the content of the total sulphur
throughout the investigated areas (Fig. 2). It showed that
in birch leaves the content of total sulphur is dependent on
inputs of sulphur compounds (mainly SO;). Thus, at the
air-pollution concentration of SO, > 50 pg m > year ',
it is possible to expect the content of total sulphur
>3,000 pg g_l (cf. Klasterec transect, 1995), but also at a
level of 2,500 ug g~ (cf. Janov and Litvinov, 1995). At
the level of SO, concentration of 30—40 pg m™—> year™ ',
the content of total sulphur can reach 2,000 pg g~" (cf.
Sneznik, 1995). After exceeding 15 pg m > year ' SO,
(or 20-30 ug m > year '), it is possible to expect the
content of total sulphur as 1,500-2,000 pg g~ ' (cf. the
eastern Krusne hory mountains, 1998). At the decline of
the amount of SO, in air-pollution below 15 pg m~>
year ', the content of the total sulphur can range below
the level of 1,500 pg g~ (cf. data 2001, 2004). These
values correspond well with findings of Nebe (1997) for
birch. The total amount of sulphur in birch leaves (at
comparable air-pollution load) is slightly lower than that
in beech (Pfanz et al. 1993), which confirms increased
tolerance of birch to the higher SO, air-pollution load as
compared with beech (Heilmeier et al. 2000a, b). Existing
deviations in relationships between the SO, air-pollution
concentration and the content of total sulphur in birch
leaves demonstrate that air-pollution inputs are not the
main influencing factor. Also, a soil analysis did not
provide a sufficient argumentation to explain differences
in the content of total sulphur in birch leaves depending
on SO, air-pollution concentrations, because the amount
of sulphate in soils of KLA and JAN transects were 10.4
and 15.5 pg g~ ', respectively (Hrdlicka 2005). So values
of the content of sulphates in soils do not correlate with
the content of total sulphur in birch leaves. This is in good

@ Springer



536

Trees (2009) 23:531-538

accordance with the current state of knowledge on the
regulation of the soil sulphate uptake (Herschbach and
Rennenberg 1997; Leustek and Saito 1999).

Air-pollution load reflects in the amount of inorganic
(sulphate) form of sulphur in birch leaves. If large amounts of
sulphur enter the tree, part of the sulphur becomes excessive
being deposited in the form of sulphates in fully developed
leaves from where it can be translocated (in case of need) to
another part of the tree (Herschbach and Rennenberg 1997).
At the high air-pollution concentration of SO, (Klasterec,
1995), the content of inorganic form of sulphur was also
relatively high (1,400-2,200 pg g~ '). At the same time, the
content of inorganic and organic form of sulphur in particular
altitudes was comparable or higher (Fig. 2). In other tran-
sects, the mean content of inorganic form of sulphur was at a
lower level in 1995 (Janov 1,000 pg g_l; Litvinov 500-
1,000 pg g~ '; Sneznik 500 pg g~ '). With decreasing values
of the content of the inorganic form of sulphur, a difference
between the content of inorganic and organic form of sulphur
increased. In next years (1998-2004), with decreasing air-
pollution concentrations of SO, (Table 1), the content of the
inorganic form of sulphur also decreased (100-500 pg g~ ")
(Fig. 2). At the same time, the content of the organic form of
sulphur fluctuated (1,000-2,000 pg g~ ') and varied simi-
larly as the content of total sulphur.

Changes in the content of the inorganic and organic
form of sulphur corresponded to changes in the value of
coefficient Q. The results implicate that it is possible to
suppose that the value of coefficient Q of birch stands not
affected by air-pollution will range from 5 to 10. The
conclusion cannot be compared with literature data,
because there is no evaluation for broadleaved species.
Values for birch are slightly higher than that for spruce and
pine (needles of the first year-class, Q = 5-5.3; Manninen
and Huttunen 2000). Thus, in birch leaves, for the same
amount of total sulphur, the proportion of the organic form
of sulphur as compared with the inorganic form will be
higher. In the year 1995, about one-fifth of the stands were
Sa-dominant (the value Q < 1). In trees of these stands, the
input of inorganic sulphur compounds (especially SO,) was
excessive; the trees were unable to assimilate all sulphur
compounds. Unused sulphate was stored in vacuoles
(Gasch et al. 1988, 1990; Herschbach and Rennenberg
1997, 2001; De Kok et al. 2002). In further years on trees
monitoring, the stands were So-dominant (Q > 1); the
content of sulphate in leaves was decreased and input
sulphur compounds were used in maximum.

Total content of sulphur in birch leaves
The content of total sulphur in birch leaves and the

proportion of organic and inorganic form depend upon the
actual conditions of a site (availability of macro- and
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micro-elements and air-pollution load). Connection of both
the sources creates conditions to supply plant tissues by
substances necessary for the growth of trees. Air-pollution
concentration of substances must not reach acute toxicity
resulting in the physical damage to tissues. The content of
sulphur in birch leaves depends upon the uptake of sulphur
compounds by roots (in the form of sulphates) and leaves
(in the form of small amounts of SO,) under conditions of
otherwise undisturbed nutrition of birch by other sub-
stances. However the uptake of sulphates from the soil is
actively inhibited by the organic sulphur compounds,
especially by glutathione and cysteine (Herschbach and
Rennenberg 1997, 2001), the input of SO, via the leaves’
stomata is influenced depending on how much the stomata
are opened (Slovik et al. 1992). In the case of enhanced
SO, leave impact, the organic sulphur compounds are
synthesised (De Kok et al. 2002; Slovik et al. 1992) and
that leads to the repression of the sulphate uptake via roots.
If the amount is excessive (over the plant need), the sul-
phate is created and stored in vacuoles, and it does not take
part in the reduction processes any further (Herschbach and
Rennenberg 1997, 2001; De Kok et al. 2002).

The amount of sulphur in leaves depends also on the
course of the vegetation period. Our monitoring in the year
2000 in the transect Litvinov proved that the total sulphur
content was increased consecutively from May to July
from the starting level of 1,500 pg g~' to the level
2,000 pg g~ and after that decreased again to the level
1,500 pg g~ '. Similar trends of changes were observed
also both for the organic sulphur content (from the level
1,300 pg g~ ' to the level 1,500 pug g=' and back to the
original level) and for the inorganic sulphur content (from
the level 250 to 500 pg g~ ' and back again) (Hrdlicka and
Kula 2001). The starting level of the sulphur content is
influenced also by the sulphate content in xylem sap at the
beginning of the vegetation period. The sulphate content in
birch xylem sap varied in the range 0.5-39.5 mg 1™’
(Hrdlicka and Kula 2003). For example, in comparison
with the beech (up to 60 mg 1~', Rennenberg et al. 1994),
the content is clearly lower.

In 1995, the content of total sulphur in birch leaves in
the eastern Krusne hory mountains was relatively high
(maximum level being in the Klasterec transect
>4,000 pg g~ '). Mean values of transects in the eastern
Krusne hory mountains (Klasterec 3,229 + 117 pg g~ ',
Janov 2,413 & 87 pg g ', Litvinov 2,212 + 214 pg g~ ")
markedly exceed the current used lower limit of the opti-
mum content (2,000 ug g~') (Table 2). Thus, supply by
sulphur was optimal from the aspect of needs of the spe-
cies. Because at the total content of sulphur mentioned
above birch leaves were not damaged and even symptoms
of damage to trees or limitation of their growth were
not observed, it is possible to specify the upper limit of
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optimum to minimally 3,400 pug g~' (cf. Nebe 1997). On
the basis of pot experiments with birch seedlings, Hei-
Imeier et al. (2000a) mention that when the content of total
sulphur slightly exceeds a level of 2,500 pg g~', the
growth of the seedlings is not disturbed.

In next years, the content of total sulphur responds to the
fall of air-pollution inputs of SO, receding to a level of
1,300 pg g_1 (lower limit of the sufficient content). Also,
other authors (Nebe et al. 1996; Nebe 1997) mention
similar values for forest stands at low air-pollution load
without describing the decreased dynamics of growth or
symptoms of health damage to trees.

The amount of sulphur corresponding to organic and
inorganic form is related to the content of total sulphur.
Thus, we can expect that when the amount of total sulphur
is >3,000 pg g_1 (cf. Klasterec transect, 1995), the content
of inorganic form is >1,500 pg g~' and Sa > So. At the
content of total sulphur level of 2,500 pg g~' (cf. Janov
and Litvinov, 1995), the content of the inorganic form of
sulphur ranged at a level of 1,000 pg g~' and lower while
the content of the organic form of sulphur reached
1,500 pg g~ ' and more. At the content of total sulphur
level of 2,000 pg g_1 (cf. Sneznik, 1995), the level of
inorganic form was 500 pg g~ ' and the level of organic
form was 1,500 pg g~'. At the total sulphur content of
1,600-1,800 pg g, the content of inorganic form was
400 pug g~ '. At the total sulphur content level of 1,400—
1,600 pg g~', the content of inorganic form was
200—400 pg g~'. The total sulphur content of 1,200—
1,400 pg g~ ' is related to the content of inorganic form
200 pg g~ (Fig. 2). Determined contents of the inorganic
form of sulphur are consistent with data for pine needles
(Turner et al. 1977) in spite of different tree species. It is
possible to note that the content of S—SO,>~ in birch leaves
of >400 pg g~ is in accordance with the content of total
sulphur CC3, of 200-400 pg g~ is in accodance with CC2
and of <200 pg g~' with CC1 (Table 2). This sulphate is
stored in the vacuole and is more or less unavailable for
reduction to organic sulphur compounds (Herschbach and
Rennenberg 1997, 2001; De Kok et al. 2002).

Conclusion

Decrease in the air-pollution load (expressed as the annual
mean amount of SO,) became evident through the fall of
the content of sulphur in birch leaves corresponding to the
change in air-pollution. At the high air-pollution load
(65 ng m year™ "), the amount of total sulphur was in the
class of the optimum/surplus content (CC3), equivalent
content of total sulphur for Q = 1 was 3,040 pug g~ '. At
the high content of total sulphur (>4,000 pg g™ b,
So < Sa; the content of the inorganic form of sulphur was

at a level of 1,500 pg g~' or exceeded it. At the lower

content of total sulphur (2,000-2,500 pg g~ "), the content
of the inorganic form was at a level of 500-1,000 pg g~
and So > Sa. After decreasing the air-pollution load to a
level of 10-20 pg m™> year™', the amount of total sulphur
decreased to the class of the sufficient or even insufficient
content; the equivalent content of total sulphur for O = 1
was at a level of 2,500 pg g~'. It applied always that
So > Sa; the content of the inorganic form of sulphur was
at a level of 500 pg g~' gradually decreasing to
100 pg g~'. The content of the organic form of sulphur
was variable, in case of So > Sa, changing according to the
content of total sulphur. Results have shown that birch is
able to use considerable amounts of sulphur received
through leaves from air-pollution load. Birch responds fast
to changes in air-pollution load through the decline in the
content of total and inorganic form of sulphur in leaves.
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