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Abstract: During the last decades, forest soils in Central Europe recovered from former sulfur and
acid deposition. As external S input into forests has strongly decreased and legacy S pools in the
soils are diminishing, internal S cycling through mineralization will increasingly become important
for ecosystem nutrition. However, it is not known how microbial biomass is affected by the S pool
change in the formerly S surplus soils. Here, we present data on the status quo of C, N, and S in
microbial biomass in relation to contents in mineral soil and organic layer. The results of forest soil
in Eastern Germany (low and high liming), which is slowly recovering from former pollution, are
compared to those of a site remote from air pollution in the Swiss Alps. The contents of C, N, and
S in soil as well as in microbial biomass were clearly higher in the organic layer than in mineral
topsoil at all sites. Despite the generally low content in the mineral A-horizon, the clean-air site
showed indications of a more active S-turnover as compared to the high-pollution site. Liming at the
high-pollution site improved the conditions for microbial growth (pH increase) in the organic layer
resulting in more mobile S.
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1. Introduction

Sulfate deposition and high sulfur dioxide ambient air concentrations caused serious
problems for forest ecosystems in North and Central Europe during the 1970-1990s [1-3]
with severe impacts on forest growth [4,5], soil [6-9], and water chemistry [10,11]. Due
to the filtering of emission gases from combustion, deposition loads strongly declined in
the last decades [3], and liming measures were carried out to buffer the acid pollution in
forest soils [12]. Nevertheless, legacy effects of former high sulfur (S) depositions were
observed in ecosystems over many years, because of long-term storage of S within the
organic layer and mineral soil [13-16]. In the last decade, these legacy effects have been
observed to diminish. As a result, agricultural systems started to suffer S deficits [17-19],
and S availability in forest soils was observed to decrease [20-24]. It is still unclear how
the change from S surplus to minimal S input from deposition will affect soil nutrient
cycling in forest soils at formerly heavily polluted sites. When external S sources are no
longer available and the legacy S pool in the soil is expected to decrease, S release by
mineralization of organic material will increasingly become important for plant nutrition in
forests [25]. Thus, microbial biomass and its contribution to S release by microbial-induced
mineralization may develop into a key factor in S availability for ecosystem nutrition [26].

Soil microorganisms can metabolize a wide variety of organic S compounds and there-
fore represent both sink and source in soil-internal S cycling [27,28]. The mineralization-
induced release of S from organic material is differentiated into biological mineralization
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(S and N release during oxidation of carbon (C) to provide energy for microorganisms) and
biochemical mineralization (S release through enzymatic catalysis due to nutrient needs
of organisms) [29]. Thus, the element cycles of C, N, and S in soil and microbial biomass
are tightly connected [30]. For forest soils, a median microbial biomass content of S (MBS)
of 5.7 ug g~ ! was observed [27], and a strong relationship to microbial carbon (MBC), soil
organic C, and microbial biomass nitrogen (MBN) was described [26,27,31]. However, data
availability on MBS and stoichiometric relationships in forest soils is still very limited.
Furthermore, the effects of a changed S supply due to the recovery from S deposition on
microbial biomass S have not been investigated so far.

In this study, we investigated a formerly highly affected site in the Eastern Ore Moun-
tains (East Germany), where S deposition decreased drastically in the 1990s [3] and soil
recovery was promoted by liming measures. As a contrasting site, we assessed the status
of soil and microbial nutrient patterns in a long-term “clean-air” region in the Swiss Alps.
Here, external S sources are minimal and the S supply of the ecosystem therefore is assumed
to rely on internal processes, such as microbial-driven mineralization. For the formerly
polluted site, we expect that microbial biomass S is still influenced by the high availability of
S in soil supplied by legacy S pools [32]. The stoichiometric ratios between major nutrients
therefore are expected to differ considerably as compared to the “clean-air” site, where the
soil-internal S cycle is assumed to be adapted to tight nutrient recycling processes.

2. Materials and Methods
2.1. Sites

The investigated sites differ regarding atmospheric S deposition in the past: The
site Altenberg is located in the Eastern Ore Mountains (Saxony, Eastern Germany), in a
region with formerly high atmospheric S deposition (see Section 2.2). At the Altenberg site,
common forest liming practice with dolomite was applied, but with different intensities
within the area. Therefore, two neighboring locations were selected and sampled: a
low-liming plot and a high-liming plot (resp. Alt and Alt_L, Table 1).

Table 1. Site description of Altenberg and Davos, liming measures [33,34].

Site Altenberg Davos
Abbreviation Alt Alt L Dav

Location 50°47'31.99" N, 13°43/28.99” E  46°48'55.2" N, 9°51/21.3" E
Elevation [m above sea level] 745 1635-1665

Annual precipitation [mm] 1089 1050

Annual mean temperature [°C] 5.4 35

Parent material Rhyolite Paragneiss

Soil type (WRB *) Haplic Podzol Haplic Podzol

Total liming amount [Mg ha~1] 4 (2011) 14 (1988, 1994, )

(year of treatment) 2001, 2011)

* World Reference Base for Soil Resources 2014, World Soil Resources Reports 106, FAO, Rome, Italy.

The contrasting site Seehornwald near Davos (Central Alps, Graubiinden, Switzerland)
is characterized by minimal S inputs in both the past and the present. Therefore, this
location can be considered as a “clean-air” reference site.

The characteristics and climate conditions of the sites are given in Table 1. The dominant
tree species (Picea abies), tree age (>120 years), and tree density were comparable at the sites.

Pedologically the two sites in Germany and Switzerland are comparable in terms of
the parent material, which is rich in quartz and thus base-poor favoring podzolization
processes. However, the characteristic podzolic horizon was more developed at the alpine
Swiss site. This may be the result of lower temperatures at the much higher elevation even
though annual precipitation is similar. This difference in soil formation conditions, together
with the liming practice, must be considered when pH and the amount and composition
of organic material in the organic layer are compared (see Section 3.1). The initial total S
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contents were in a similar range at all sites: for the O-layer 1.8 mg ¢! at Dav,2.0 mg g~ ! at
Alt, and 2.1 mg g~ ! at Alt_L. In the A-horizon, S contents were lower with 0.6 mg g~ at
Dav and 0.3 mg g~ ! at Alt as well as at Alt_L.

2.2. History of Atmospheric S deposition

The Ore Mountains in the border region between Germany and the Czech Repub-
lic were affected by high air pollution in the 1970s and 1980s [35]. In the late 1980s,
the deposition was around 100 kg S ha~! a~! and the air concentration of SO, was
0.09-0.10 mg m~2 [5]. In the throughfall of two spruce stands of the region (Tharandt
and Oberbirenburg), an average of 128 kg ha~! a~! as SO4?~-S was measured [36]. With
the decrease in SO, emissions in Germany, S deposition strongly decreased to almost
20 kg ha=!a~!in 2001 [37,38] and to less than 10 kg ha~! a~! in the last 20 years (mean of
approximately 5 kg Sha—! a~1) [39].

In Switzerland, an increase in SO, emissions with a maximum in the 1980s and a fast
reduction afterward to the same level as natural inputs since 2012 were described [40,41].
At the site Davos in the Central Alps, which was remote from industrial air pollution, the
total S depositions were 3 kg ha=! a~!in 1989, 2.4 kg ha—! a~! in 2009, and decreased to
around 1.0 kg ha=! a~! nowadays [42-44].

2.3. Sampling and Chemical Analyses

Five soil samples per site were taken in October 2021, each from the organic layer
(O-layer) and the mineral topsoil horizon (A-horizon). The O-layer was sampled as a mixed
sample of the humus horizons Oi, Oe, and Oa (World Reference Base for Soil Resources
2014). The average thickness of the O-layers was 19 cm at Alt, 17 cm at Alt_L, and 16 cm at
Dav. The sampled mineral A-horizon was 7.7 cm at Alt, 6.3 cm at Alt_L, and approximately
10 cm at Dav. All samples were stored at —18 °C. After defrosting at 4 °C, the samples
were sieved (O-layer: 5 mm, A-horizon: 2 mm), incubated for 40 h at 25 °C, and eventually
wetted with deionized water from a spray bottle.

For the analysis of pH values, subsamples were mixed with deionized water in
a ratio of 1:10 for the O-layer and 1:2.5 for the A-horizon samples. After 4 h of occa-
sional stirring, the pH values were measured with an MP 220 pH meter (Mettler-Toledo,
Columbus, OH, USA).

The total contents of carbon (TC), nitrogen (TN), and sulfur (TS) were determined
on ground samples by dry combustion with an elemental analyzer (Vario EL, Elementar,
Langenselbold, Germany).

The determination of C, N, and S in microbial biomass (MBC, MBN, and MBS) was
accomplished using the fumigation-extraction method [45]. In short, sieved and wetted
samples (40% field capacity) were put in lab bottles (O-layer: 10 g, A-horizon: 50 g); empty
bottles were included as blanks. Half the samples were fumigated with chloroform for
24 h at room temperature. All lab bottles were filled with 200 mL 0.01 M CaCl; solution
(0.1 M, 1.1 g L™1), shaken horizontally for 30 min at 180 oscillations per minute, and filtered
through rinsed filters (Sartorius FT-4-205-240). The extracts were analyzed for contents of
C and N using an elemental analyzer (Vario TOC Elementar, Langenselbold, Germany).
The S contents were determined with ICP-AES (Ciros, Spectro, Kleve, Germany). The
whole procedure was performed in duplicate. The differences in the element contents in
fumigated and non-fumigated samples were assumed to result from microbial biomass
contents (MBC, MBN, and MBS), whereby final results were obtained after calculations
using the following uniform conversion values (kg): kgc = 0.45 for MBC [26], kg = 0.54 for
MBN [46], and kgg = 0.35 for MBS [27,47,48].

The contents in non-fumigated samples are equivalent to CaCl,-extractable contents
and are referred to represent easily available or dissolved element concentrations (DC,
DN, DS). Additionally, these extracts were analyzed for dissolved SO4%~-S (DSOA4S) using
ion chromatography IC (Dionex DX300, Thermo Fischer, Waltham, MA, USA) and for
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NH,*"-N (DNH4N) as well as NO; ~-N (DNO3N) using SEAL AQ400 Discrete Analyzer
(Seal Analytical Ltd., Wrexham, UK).

Statistics and figures were processed with R software (version 3.6.3, R Core Team,
2020). The statistical significance of differences between total, dissolved, and microbial
element contents was analyzed using the non-parametric Wilcoxon rank-sum test.

3. Results
3.1. Soil Chemical Properties

The pH values of the organic layer were significantly different among the three plots.
Here, the liming effect is clearly visible with a significantly higher pH at the plot Alt_L,
whereas the remote site Dav had the lowest pH values (Figure 1). For the mineral A-horizon,
the effect was less strong and only Alt_L was significantly higher than the other two plots.
Nonetheless, the plot Alt_L showed slightly higher and Dav the lowest pH values.

The total soil C contents (TC) were significantly higher at the Dav plot as compared
to both the Alt and Alt_L plots in the organic layer (Figure 1). The TC contents in the
A-horizon showed a similar pattern as the O-layer (clearly higher at Dav than at Alt and
Alt_L). The two plots, Alt and Alt_L, in the Ore Mountains did not differ in TC contents.

With regard to TN and TS contents, the statistical tests did not reveal any clear pattern
because of the wide range of values per plot. There seems to be a tendency for higher TN
and TS values in the A-horizon at Dav as compared to Alt and Alt_L, following the same
trend as TC. However, in the O-layer, the contrary was found with lower values at the
remote site Dav but not significantly different. Between the two Ore Mountain plots Alt
and Alt_L with previously low- and high liming, we found no evidence for different TN or
TS contents in the O-layer and A-horizon.

For the CaCl,-extractable elements, the distribution in the O-layer differed for elements
and sites: DN was highest at Dav and significantly lowest at Alt_L. By contrast, DS was
highest at Alt_L and far lower at Dav (Table 2). For carbon, we found no statistical
differences because of the wide range of DC values. In the A-horizon, the dissolved
elements were slightly elevated at Dav for DC, DN, and DS, however, only significantly
higher for DC.

Table 2. Total contents (a.), CaCl,-extractable contents (b.), and microbial biomass contents (c.) in
organic layer (O) and mineral A-horizon (A) at the study plots Alt (Altenberg, low-liming), Alt_L
(Altenberg, high liming), and Dav (Davos). DL—detection limit. All values presented are mean
values of the five sample repetitions.

Site Altenberg Davos

Abbreviation Alt Alt L

Dav

a. Total element contents [mg gfl]:

TC (O/A) 384.8/73.3 394.7/71.0 472.2/137.0
TN (O/A) 16.0/2.8 17.0/3.0 14.7/4.9
TS (O/A) 2.03/0.33 2.14/0.34 1.81/0.55
b. CaCly-extractable element contents [pg gfl]:*l]:

DC (O/A) 704.6/124.1 462.2/70.9 424.7/314.6
DN (O/A) 78.9/12.6 43.2/11.3 100.6/35.2
DNH4N (O/A) 57.7/6.4 49.3/7.6 73.1/22.4
DNO3 (O/A) <DL <DL <DL
DS (O/A) 17.2/2.7 23.4/2.6 8.6/5.4
DSO4S (O/A) 15.8/4.1 23.7/4.1 10.4/6.7
c. Element contents in microbial biomass [ug gfl]:*l]:

MBC (O/A) 2774.5/282.5 4113.0/400.2 3087.6/812.2
MBN (O/A) 177.2/9.8 299.3/20.0 172.4/54.8
MBS (O/A) 21.2/1.1 31.2/2.7 23.0/2.6
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Figure 1. pH values and total contents of C, N, and S (from top to bottom) in organic layer
(left column) and mineral A-horizon (right column) at the study plots Alt (Altenberg, low lim-
ing), Alt_L (Altenberg, high liming), and Dav (Davos). Statistically significant and non-significant
differences between groups are indicated as follows: ** p < 0.01, * p < 0.05, NS. not significant). Single
points show outliers.

The analysis of sulfate-S (DSO4S) showed that all dissolved S (DS) available can be
considered as sulfate-S. The contents of DSO4S were in some cases slightly higher than DS,

which must be attributed to uncertainties in the analytical methods.
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The dissolved fraction of nitrogen was mostly available as ammonium-N (DNH4N);
this fraction accounted for around 50 to 75% of DN. Nitrate was below the detection limit
in all cases.

3.2. Elemental Composition in Microbial Biomass

The element contents in microbial biomass showed different distributions in the O-
layer as compared to the A-horizon (Figure 2). In the O-layers, microbial C (MBC), N
(MBN), and S (MBS) were clearly higher at the Alt_L (statistically significantly higher for
MBC and MBN). However, we found no significant difference in MBC, MBN, or MBS
between Alt and Dav.
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Figure 2. Contents of C, N, and S in microbial biomass (MBC, MBN, and MBS) in organic layer
(left column) and mineral A-horizon (right column) at the study plots Alt (Altenberg, low liming),
Alt_L (Altenberg, high- liming), and Dav (Davos). Statistically significant and non-significant dif-
ferences between groups are indicated as follows: ** p < 0.01, * p < 0.05, NS. not significant). Single
points show outliers.
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By contrast, the investigations for the mineral A-horizon revealed significantly the
highest contents for MBC, MBN, and MBS at the remote site Dav. The results for Alt
and Alt_L showed slightly higher values at the stronger-limed site Alt_L for all elements.
Nevertheless, all contents in microbial biomass were far lower in the A-horizon than in
the O-layer.

3.3. Stoichiometry in Soil and Microbial Biomass

The statistical analysis revealed no significant differences in the ratio of elements in
the soil between the low- and high-liming plots Alt and Alt_L (Table 3). By contrast, the
soil TC/TN ratios in both O-layer and A-horizon were significantly higher at Dav than on
both the Alt plots. The TC/TS was also clearly higher at Dav (significantly in the O-layer,
not significantly in the A-horizon). The ratios of soil TN to TS were in the same range of
values for all plots.

Table 3. Element ratios in a. soil, b. CaCl, extracts, c. microbial biomass, and d. as a share of element
contents in microbial biomass to total soil contents in organic layer (O) and mineral A-horizon (A) at
the study plots Alt (Altenberg, low liming), Alt_L (Altenberg, high- liming), and Dav (Davos). All
ratios presented are mean values of the ratios in the five sample repetitions.

Site Altenberg Davos
Abbreviation Alt Alt L Dav

a. Total element contents [mg mg‘l]:

TC/TN (O/A) 24/26 23/24 32/29

TC/TS (O/A) 191/225 188/207 263/251
TN/TS (O/A) 7.9/8.7 8.1/8.8 8.2/8.9
b.  CaCly-extractable element contents [pg ugfl]:

DC/DN (O/A) 8.8/9.8 10.7/6.3 49/9.2
DC/DS (O/A) 40/44 20/28 60/60

DN/DS (O/A) 49/5.3 1.9/4.5 13.1/7.9
DNH4N/DN (O/A) 0.7/0.5 1.2/0.7 0.7/0.6
DSO4S/DS (O/A) 1.0/1.6 1.0/1.7 14/15
C. Element contents in microbial biomass [ug ug_l]z

MBC/MBN (O/A) 16/33 14/20 19/17
MBC/MBS (O/A) 131/426 144/214 139/191
MBN/MBS (O/A) 8/13 10/11 8/16

d.  Element contents in microbial biomass [%]:

MBC/TC (O/A) 0.7/0.4 1.0/0.6 0.7/0.6
MBN/TN (O/A) 1.1/0.3 1.8/0.7 1.2/1.1
MBS/TS (O/A) 1.0/0.4 1.6/0.7 1.3/1.0

The element ratios in microbial biomass were highly variable in the repetition subsam-
ples, especially in the A-horizon samples and for the analysis of MBN and MBS. Because
of these uncertainties, the statistical analysis found no significant differences in the ratio
of MBC/MBN and MBC/MBS. For the ratio of C to N in microbial biomass, which in-
cluded less uncertainty, the ratio was significantly lowest at Alt_L and highest at Dav in
the O-Layer, but in the A-horizon, it was lowest at Dav and highest at Alt (Table 3c).

The share of the microbial biomass contents to the total soil contents was < 2% for
all elements. The highest values showed up for Alt_L in the organic layer (for all rations
MB-elements to total element). In the mineral A-horizon, the highest ratios were found
for Dav.
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4. Discussion

The values we found for microbial-bound C, N, and S were roughly within the ranges
as observed for forest soils by other studies (MBC: 500-10,000 pg g’1 [27,31,49], MBN:
85-110 pg g’l [27,31], MBS: 1-29 ng g’l [27,31]). Even higher ranges for MBS with
3 t0 300 pg g~ ! were summarized by Banerjee and Chapman [26], but based on a limited
dataset on forest soils. In the organic layers, the element contents in the soil as well as
in microbial biomass were clearly elevated as compared to the contents in the mineral
A-horizon. This indicates that nutrients are more available (higher dissolved contents)
in the O-layer than in the A-horizon, and microbes can use the available nutrients to
produce more biomass. The tighter element ratios in microbial biomass (MBC/MBN,
MBC/MBS) show that relatively more N and S were incorporated into biomass as compared
to the mineral soil and also relatively more S than N (lower MBN /MBS in O-layers than
A-horizon). It is known that biogeochemical cycles of N and S are tightly coupled [24,50,51].
Nevertheless, data on the relation of N to S in the microbial biomass of forest soils are very
rare. Chowdhury et al. [31] found values around 13.5 in two forest soils in Japan, which is
similar to our microbe ratios in the A-horizon. The tighter ratios (MBN/MBS: 8-10) in the
organic layers in our study indicate a better availability of S, which is confirmed by higher
dissolved S results as compared to mineral soil. In the A-horizon, the microbial biomass
and dissolved N /S were clearly higher at the clean-air site than at the formerly polluted
sites. Here, N seems to have a better availability in relation to S or S is more limited than N.
Additionally, the limitation of other nutrients may result in changed element ratios because
of the tight coupling of nutrient cycles. For example, P limitation was observed to decrease
C/S in microbial biomass [27,52] but was not considered in this study.

4.1. pH Effects on Microbial Mineralization

The availability of S in the soil and the contents in microbial biomass are related to
the pH value, e.g., [27]. Our results for the A-horizon demonstrate that microbial C, N,
and S were increased at the clean-air site Dav, where pH values were lowest. We found
the same pattern in total and dissolved soil contents, which were also highest at Dav. This
indicates for the mineral topsoil that microbial C, N, and S are positively related to soil
content but negatively to pH, as shown in recent studies [27,53]. As the MBS contents are
considered to be the most active S pool in S-turnover in soil, higher MBS contents indicate a
greater S availability for higher plants [26]. For the mineral A-horizon, the clean-air site Dav
therefore can be assumed to be a more active S-turnover site as compared to the Alt plots.

In the organic layer, a liming-derived increase in the pH value was clearly visible
in the Alt plots. Here, the high-liming plot Alt_L with the highest soil pH revealed the
highest contents of C, N, and S in microbial biomass. This is contrasting to the findings
in the mineral topsoil, but for sulfur, it is in line with studies on liming plots, where S
mineralization was directly proportional to pH for soils with pH < 7.5 [54,55]. Consistently,
dissolved S is also highest in the O-layer of the high-liming plot indicating higher S release
by mineralization, and we suggest better pH conditions for microbial growth [55].

However, unexpected effects of pH changes on microbial biomass and activity in forest
soils were also observed in northern hardwood forest plots, and underlying microbial
processes are not completely understood [53]. Liming of acidified soils during recovery
from pollution has a strong influence on the pH-dependence of microbial activity and
therefore crucially impacts S mineralization processes. The thicker O-layers at Alt and
Alt_L indicated that even if conditions for microbial growth have been improved in the
last two decades (increasing pH), the accelerated nutrient cycling has not induced fast
degradation of organic material so far.

4.2. Carbon-Dependent S Mineralization

Microbial mineralization depends on the amount and quality of soil organic matter [56].
At the clean-air site Dav, TC was very high due to soil-forming conditions at this alpine
site (higher degree of podzolization). This resulted also in high TC to TN as well as TC
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to TS ratios in comparison to the other plots. These wide soil ratios of C/N (O-layer: 32,
A-horizon: 29) and C/S (O-layer: 263 and A-horizon: 251) indicate slow decomposition
of organic material and thus accumulation of C, probably as a result of a colder mean
temperature at this site (Table 1). However, the C/S ratio was between 200 (as upper limit
for net sulfate release due to mineralization) and 400 (as lower limit for net immobilization
due to incorporation into microbial biomass) [25]. In this range, the two processes (S release
and immobilization) may occur in parallel. At the formerly S-polluted sites in the Ore
Mountains (Alt and Alt_L), the C/S ratios in soil were with values around 200 slightly
shifted to net sulfate release by microbes.

In general, the C to S ratios in the microbial biomass of the O-layer were within the
range given for soils (MBC/MBS: 31-149 [26,31]), but above this reference range in the
A-horizon at all plots. Whereas the ratio MBC to MBS increased from O-layer to A-horizon,
soil TC/TS was not considerably different. This result indicates a more limited S uptake by
microbes in the mineral soil. The relation of elements in microbial biomass to soil contents
as an indicator for the availability of nutrients for microbes revealed that less than 1.6%
of soil S was bound as MBS in the O-layer and even less in the A-horizon. This is for all
plots at the lower end of ranges given in the literature (1.5-5% for soil generally [26,31] and
1.5 for forest soils [27]). However, literature values for forest soil are mostly based on very
few study plots and do not consider changes in environmental or S source conditions. The
ratios of MBS/ TS were especially low in the mineral soil of the formerly S-polluted plots.
At the clean-air site, MBS /TS and following S availability for microbes in the A-horizon
seem to be slightly better, which is confirmed by higher dissolved S values in the soil
at this site. Probably, the long-term adaption to low nutrient supply at the clean-air site
favors biochemical S mineralization, where microbes actively mobilize limited nutrients
such as S through enzymatic catalysis [29]. By contrast, the microbial community at the
formerly polluted site may not yet have such adaption strategies because of a long-lasting
S surplus condition.

5. Conclusions

The biogeochemical cycles of C, N, and S are tightly coupled in ecosystems. Microbial-
driven mineralization is an essential process for nutrient release and plant nutrition when
other sources such as element input from atmospheric deposition become less important.
However, despite the strong reduction in S deposition and very low S input rates during
the last 20 years, our results revealed that microbial biomass in soils recovering from
former S pollution still shows legacy effects. As a result, the nutritional conditions with
regard to microbial S acquisition and release still differ between formerly polluted and
clean-air sites. Furthermore, liming that was undertaken as a countermeasure against soil
acidification improved conditions for microbial growth considerably and strongly affected
the relationships between C, N, and S in soil and microbial biomass. As forest soils in
Central Europe are more and more recovering from atmospheric pollution impacts and
acidification, data on observations of changes in soil nutrient cycling are required to assess
future developments in nutrient availability for forest growth. With our study, we deliver
new data and insights into the current development of nutritional conditions in formerly
polluted and clean-air forest ecosystems.
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