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Abstract 

Investigations on how tree species modify decomposition of understory litter have rarely been 

conducted, although potentially having impacts on soil carbon stocks and stability. The aim of 

our study was to disentangle the effects different tree species (alder, spruce, oak, and willow) 

exert on litter decomposition by comparing decomposition patterns and microbial measures 

(phospholipid fatty acids and microbial DNA) of both tree and understory (Calamagrostis 

epigejos) litter exposed at the respective tree species stands of a common garden experiment.  

An initially uniform mass loss of understory litter exposed at the stands suggests that inherent 

litter quality (assessed by C:N ratios and lignin content) was the major driver in early 

decomposition. However, in later stages of our experiment, decomposition of understory litter 

began to differ among the stands, suggesting a delayed tree species effect. Here, differences in 

microbial community composition caused by tree species identity (e.g., through varying N 

supply or phenolics leached from low quality litter) were likely the major determinants 

affecting the decomposition of understory litter. However, in these advanced decomposition 

stages, tree species identity only partly altered microbial communities associated with 

understory litter. These results indicate that the development of microbial communities on 

understory litter (and its decay) is likely a combined result of inherent chemical composition 

and tree species identity.  

 

Keywords: Common garden experiment; Litter chemistry; PLFA; DNA; Bacteria; Fungi  
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Introduction 

 

In forest ecosystems, trees are known to profoundly affect soil development, including the 

thickness of organic and organo-mineral layers (Frouz et al. 2013), pH (Chodak and Niklińska 

2010), carbon (C) and nitrogen (N) dynamics (Gartner and Cardon 2004; Hobbie et al. 2007; 

Cepáková et al. 2016; Angst et al. 2019), or soil microbial necro- and biomass (Bauhus et al. 

1998; Angst et al. 2018). Under similar environmental conditions, such as climate, 

topography, or soil mineralogy, decomposition and soil development are mainly a function of 

litter quality  (Cotrufo et al. 2009; Laganière et al. 2010a; Urbanová et al. 2014). For various 

tree species, leaf litter decomposition has been addressed extensively (e.g. Melillo et al. 1982; 

Cotrufo et al. 2009; Wickings et al. 2012; Cepáková and Frouz 2015), mostly focusing on the 

direct relationships between initial litter quality and decomposition. Litter decomposition can 

be accelerated or decelerated by varying nutrient availability, occurrence of inhibitors (e.g. 

phenolics), or composition and activity of decomposer communities (Hoorens et al. 2003; 

Gartner and Cardon 2004; Šnajdr et al. 2013), specifically when litters of different quality co-

occur in the forest floor (Hättenschwiler 2005). The influence of a combination of different 

tree species’ litter on decomposition, though, has rarely been investigated (Zhao et al. 2013; 

Qiao et al. 2014). This is particularly true for the decomposition of understory litter, which 

commonly occurs in many forest ecosystems, can largely contribute to overall litter fall 

(Mudrák et al. 2010), and notably influences soil C dynamics. Gaining a deeper understanding 

of how litters of different tree species interact with their understory litter, potentially altering 

decomposition processes, may thus be crucial for the build-up of soil organic matter (SOM) 

and, thus, ecosystem management. 

To unveil potential effects of the co-occurrence of litter from different plant species on 

decomposition, we investigated the decomposition of Calamagrostis epigejos in a common 

garden planted with different tree species (alder, spruce, oak, and willow). Calamagrostis is 
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one of the most widespread grasses across Europe (Rebele and Lehmann 2001), suppresses 

other plant species and successfully colonizes disturbed landscapes (Mudrák et al. 2010), 

especially in late successional stages (Prach et al. 2001; Frouz et al. 2008). Investigating its 

decomposition in relation to dominant tree species is thus relevant to C dynamics in large 

areas recovering from disturbance, such as post-mining sites or abandoned fields.  

Our common garden approach aims to disentangle whether decomposition of 

understory litter is independent of site-specific conditions developed under the influence of 

the different tree species, likely leading to similar litter decomposition under all tree species, 

or whether it is driven by the specific environments different tree stands create, likely causing 

Calamagrostis litter to depart from uniform decomposition patterns.  

Trees affect their environment in various ways. Leachates from the litter of different 

tree species substantially vary in quality. For example, dissolved organic matter (DOM) from 

spruce litter has high concentrations of phenolics (low-quality litter; Kiikkilä et al. 2011), 

while DOM from alder litter is rich in N (high-quality litter; Cepáková et al. 2016); for these 

reasons, the external supply of potential inhibitors (phenolics) or accelerators of 

decomposition (such as N) may affect the decomposition of understory litter (Laganière et al. 

2010b; Shihan et al. 2017). We thus hypothesized that (1) Calamagrostis decomposition will 

be faster at stands planted with tree species bearing high-quality litter as compared to stands 

planted with tree species bearing low-quality litter. Moreover, as trees determine a variety of 

soil characteristics (e.g. Reich et al. 2005; Hobbie et al. 2006; 2007; Frouz et al. 2013) and 

deliver organic matter (OM) to the soil, they should predominantly drive the development of 

the soil microbial community because the latter adapts to the chemistry of its substrate 

(Wallenstein et al. 2013; Urbanová et al. 2015). We thus hypothesized that (2) bacterial and 

fungal communities associated with the understory litter will not only be influenced by 

understory chemistry but also by the tissue chemistry of the prevailing tree species (e.g. fungi 

will dominate at spruce stands, while bacteria will dominate at alder stands).  
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Material and methods  

 

Study area, study sites, and sampling  

 

The field decomposition experiment was performed on a spoil heap in the Sokolov brown-

coal mining district (50°14′04″N, 12°41′04″E, Czech Republic, 450 – 520 m a.s.l.). The spoil 

heap was formed during the last 50 years by the piling of overburden, which was leveled 

afterwards. The total area of disturbed landscape covers more than 6000 ha (Frouz et al. 

2006). The overburden consisted mainly of alkaline tertiary clay with predominance of illite 

and kaolinite (Frouz et al. 2013). The mean annual precipitation is 650 mm, and the mean 

annual temperature is 6.8 °C. 

The spoil heap was covered by a mosaic of reclaimed forest monoculture plots with 

various tree species of similar age (30 – 40 years; Suppl. Fig. S1). Several parts of the heap 

were covered by spontaneously developed vegetation. For the purpose of this study, stands of 

four tree species underlain by the same overburden material were chosen: reclaimed sites 

planted with oak (Quercus robur), alder (Alnus glutinosa), and spruce (Picea omorica), and 

an unreclaimed site with predominance of naturally developed willow (Salix caprea). The 

understory was comprised of Calamagrostis at all sites, Fragaria vesca at the oak and willow 

sites, Festuca ovina at the willow site, and Elytrigia repens and Urtica dioica at the alder site.  

The sites were chosen so that they were, at maximum, ~100 m apart. An exception was the 

willow site, which was located approximately 1 km away from the other sites. The sites were 

1 to 10 ha large and the experiment was conducted on 1 to 2 ha large plots. Soil chemical 

properties of individual sites are presented in Table 1. 

At each study plot, litter of the dominant tree species was collected in litter traps at the 

start of litter fall in 2012. Litter traps were installed in three replications in randomly chosen 
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subplots (Suppl. Fig. S1). Litter of Calamagrostis was collected as standing dead biomass at 

the time of its senescence in three randomly chosen subplots at a 20 years’ old site covered 

solely by the grass (Suppl. Fig. S1). All litter was dried, cut if necessary (in case of 

Calamagrostis) and mixed. Litter was then stored at room temperature until the experiment 

started. Litter material was placed into nylon litterbags (5 x 10 cm) with a mesh size of 42 µm 

so that a potential mixing with allochthonous material was minimized and the access of 

microbiota and microfauna enabled. In March 2013, litterbags, containing 2.5 g of tree litter, 

were placed within the top of the litter horizon at the respective subplot of collection (twelve 

replicates per site). Litterbags with Calamagrostis litter were placed at all study plots also 

within the litter horizon constituted of the respective tree litter. This was possible as the 

chosen sites were rather sparsely covered by understory, occurring in distinct patches. We 

avoided such patches and used subplots that were not covered by understory for the 

application of the litterbags. In case of the natural succession site, the litter horizon was 

predominantly constituted of willow litter. From each subplot, one litterbag filled with the 

respective tree species litter and one litterbag with Calamagrostis litter were collected after 

three, seven, and twelve months. This approach yielded three replicates per sampling time and 

plant species. 

 

Sample preparation 

 

After each litter collection, decomposed litter was freeze-dried, weighed, and separated for 

chemical and microbial analyses. Samples for DNA extraction (see below) were 

homogenized, frozen and stored at -80 °C until processed. The rest of decomposed litter was 

homogenized and milled. Because of the presence of dust and soil particles in the litterbags, 

litter material was also used for the determination of OM contents by loss on ignition 
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(incubation at 550°C for 6 h). Organic matter contents in the incubated samples were then 

used for calculating the OM mass loss during the experiment.  

 

Chemical analyses 

The C and N contents of initial and all stages of decomposed litter were determined on a NC 

2100 soil analyzer (Thermo-Quest Italia S.p.A.) via dry combustion.  

Thermochemolysis-GC-MS was used to determine lignin chemistry (Sampedro et al. 

2009). The contents of the lignin-related structures guaiacyl, syringyl, and hydroxyphenyl and 

non-assigned aromatic structures were determined in four replicates in all stages of 

decomposition from initial litter to litter after one year of decomposition. After the treatment 

with an excess of tetramethylammonium hydroxide (TMAH, 25% aqueous solution), the 

samples were placed on wolfram wire spirals and dried in a desiccator. Pyrolysis was 

performed with a PYR-01 pyrolyzer (Labio, Czech Republic) directly in the injector of a GC-

MS (Varian 3400/Finnigan ITS 40 ion trap detector) as described previously (Frouz et al. 

2015). The pyrolysis products were identified by interpreting the fragmentation patterns as 

well as by comparing their mass spectra with the NIST02 library. The relative peak areas of 

pyrolysis products were recalculated according to the exact sample weight.  

The quality of total SOM was assessed using NMR and FTIR spectroscopy. NMR 

spectroscopy was used for initial tree litter and tree litter from the end of the experiment. 

NMR spectra were measured with a Bruker Avance III 400 MHz (9.4 T) spectrometer (Bruker 

BioSpin GmbH). Each sample was spun in a 3.2 mm wide zircon-oxide rotor at 5.0 kHz. A 

standard CP/MAS 
13

C{
1
H} pulse sequence was employed using 1s relaxation delay and a 

1
H 

ramp pulse with a contact time of 1 ms. The spectra were processed with a line broadening of 

50 Hz, phase adjusted, and baseline corrected. The following chemical shift regions were 

considered: 0–50 ppm (alkyl-C, i.e., aliphatic components), 50–110 ppm (O/N-alkyl-C, i.e., 

carbohydrates), 110–160 ppm (aryl-C, i.e. aromatic components) and 160–220 ppm 
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(carboxylic-C). Additionally, the alkyl-C/O/N-alkyl-C ratio as an indicator of the degree of 

decomposition (Baldock et al. 1997) was calculated. 

Infrared spectra of all samples were obtained with a Bruker VERTEX 70 series FTIR 

spectrometer (Bruker Optics, Germany) equipped with a horizontal attenuated total 

reflectance (ATR) sampling accessory. The samples were inserted directly on the ATR 

crystal, and a MIRacle high-pressure digital clamp was used to achieve even distribution and 

contact between the sample and crystal. Each spectrum consisted of 65 averaged absorbance 

measurements between 4000 and 650 cm
−1

, with a 4 cm
−1

 resolution. To minimize the effect 

of sample contamination with mineral particles, whose absorbance interferes with the 

absorbance bands assigned mainly to polysaccharides (Dawson and Hillier 2010), spectra 

were transformed with peak normalization at 3000 cm
−1 

and second derivative using the 

Unscrambler software (CAMO, Norway). Only measurements between 2966 and 2700 cm
−1 

and 1800 and 1190 cm
−1 

were used for analysis that was focused on absorption bands 

assigned to phenolic and aliphatic structures according to Artz et al. (2008).   

 

Microbial analyses 

We conducted PLFA analysis to estimate the composition of main soil microbial groups 

developed on litter during its decomposition. Litter samples were extracted using a 

chloroform–methanol–phosphate buffer mixture (1:2:0.8). Lipids were then separated with 

solid-phase extraction cartridges (LiChrolut Si 60, Merck) and the phospholipid fraction was 

subjected to mild alkaline methanolysis (Šnajdr et al. 2008). The free methyl esters of the 

PLFAs were analyzed using GC-MS (450-GC, 240-MS ion trap detector, Varian, Walnut 

Creek, CA, USA). Bacterial biomass was quantified as the sum of 10Me-16:0, 10Me-17:0, 

10Me-18:0 indicating actinobacteria; i14:0, i15:0, a15:0, i16:0, i17:0, a17:0 indicating gram-

positive (G+) bacteria; 16:1ω7t, 18:1ω7, cy17:0, cy19:0, 16:1ω5 indicating gram-negative 

(G−) bacteria, and unspecific 15:0, 16:1ω9, 17:0. Fungal biomass was quantified based on the 
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content of 18:2ω6,9. The fungal/bacterial ratio (F:B) was calculated as the ratio of fungal and 

bacterial PLFA.  

DNA from each sample was extracted using the modified method of Miller (Sagova-

Mareckova et al. 2008). Briefly, 180 mg of soil were incubated with 1M CaCO3 solution for 1 

hour and subsequently extracted by the phenol-chloroform method. DNA extracts were 

purified using the Geneclean Turbo Kit (MP Biomedicals, Santa Ana, CA) and stored at -20 

ºC until further use. For microbial community analysis, PCR amplification of the fungal ITS2 

region from DNA was performed using barcoded gITS7 and ITS4 primers (Ihrmark et al. 

2012) as described previously (Žifčáková et al. 2016). The V4 region of bacterial 16S rRNA 

was amplified using the barcoded primers 515F and 806R (Caporaso et al. 2012). PCR was 

performed in triplicates for each sample as recommended by Schöler et al. (2017), and 

resulting amplicons were purified, pooled, and subjected to sequencing on the Illumina 

MiSeq. The presence of contaminant sequences was excluded using appropriate controls.  

Processing of the amplicon sequencing data was done using the pipeline SEED 2.0.3 

(Větrovský and Baldrian 2013) as described previously (Žifčáková et al. 2016). The 

processing included several steps including quality filtering (adapter trimming, quality and 

length filtering, removal of chimeric sequences and sequences not matching the target), 

clustering, and identification as recommended by Vestergaard et al. (2017). Sequences 

identified as non-bacterial or non-fungal were discarded. Fungal samples were subsampled to 

equal numbers of randomly chosen sequences (5533 sequences per sample). Bacterial 

sequences were subsampled to median (12305 sequences per sample) where possible, samples 

with lower sequence counts were analyzed unchanged (Cárcer et al. 2011). Sequence data 

have been deposited in the MG RAST public database under accession numbers 367006 

(fungi) and 366980 (bacteria) (Meyer et al. 2008). 

 

Statistical analysis 
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Relationships between individual properties (Mass remaining, C and N contents, C:N ratio, 

lignin content and PLFA) were evaluated using multiple regression and correlation 

coefficients. Computations were made using the statistical program Statistica 13.  

Data from PLFA analysis and FTIR spectroscopy were subjected to principal 

component analysis (PCA). Computations were done using the statistical program Canoco 

4.5. In microbial community analyses, only OTUs that were more abundant than 0.5% in at 

least two of three replicates were considered. The composition of bacterial and fungal 

communities at individual sites was visualized using non-metric multidimensional scaling 

(NMDS) based on Bray–Curtis similarities of Hellinger-transformed data at OTU level and 

environmental variables (time, C, N) were fitted as vectors using the envfit function (R, 

‘vegan’ library). The differences among microbial communities from different tree stands, 

litter types, and time points were tested using ANOSIM. The effects of environmental 

variables on microbial communities’ properties were tested using PERMANOVA. Statistical 

tests were performed using R v. 3.2.5 (R Development Core Team 2016). 

 

Results  

 

Litter mass loss and C and N contents 

 

Litter mass decreased most rapidly in the first three months for oak, alder, and willow litter 

(Fig. 1a). Only spruce litter mass did not substantially decrease during the first three months 

of the experiment and it lost least of its mass as compared to the other species, whereas alder 

decomposed most rapidly (Fig. 1a).  

Calamagrostis litter mass decreased with time at all sites (Fig. 1b) without differences 

between sites after three months. From the seventh month, Calamagrostis decomposed faster 
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at alder and willow sites than at spruce and oak sites (Fig. 1b). According to multiple 

regression, decomposition duration and site of exposure together explained 37% of 

Calamagrostis mass loss. 

Spruce litter had the highest C content from all observed tree species (Table 1). The 

C:N ratios decreased as the litter decomposed (Table 2). Overall, the highest N content and 

the lowest C:N ratio was recorded for alder litter and the lowest N content and the highest 

C:N ratio was found in spruce litter (Tables 1 and 2).   

The Calamagrostis litter maintained a higher C content at spruce (46–47 %) and 

willow (45–47 %) sites than at alder (40–43 %) and oak (41–44 %) sites during 

decomposition. The N content of Calamagrostis differed only at the alder site, where it was 

higher than at the other sites, the C:N ratio being lower (Table 2). As for all tree litter, C:N 

decreased during decomposition (Table 2).   

 

Lignin chemistry  

 

Spruce litter had the highest and alder litter the lowest proportion of all lignin-related 

structures during the whole duration of the decomposition experiment (Fig. 2a). Lignin in the 

alder litter decomposed most readily as only the content of syringyl units did not substantially 

change during decomposition, the relative content of aromatic components of the willow litter 

even slightly increased (Fig. 2a).  

Overall, lignin-related structures in Calamagrostis litter decreased with time at all sites 

(Fig. 2b), most readily in the litter incubated at alder and willow sites (Fig. 2b). Only 

exception to this pattern was an increase at the oak site at the end of the incubation.  

 

Chemical composition as evaluated by NMR and FTIR spectroscopy  
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The NMR spectroscopy revealed almost no change in chemical composition of tree litter after 

the one-year decomposition (Table 3). Only alder litter showed a relative increase in the 

content of O/N-alkyl-C and a decrease in alkyl-C (Suppl. Fig. S2).  

According to FTIR spectroscopy and independent of sampling time, spruce litter had 

higher absorption intensities of the bands assigned to waxes and lipids (Fig. 3), while oak and 

alder inclined to have higher absorption intensities of the bands assigned to lignin.  

Litter of Calamagrostis had lower absorption intensities of the bands assigned to 

lignin as compared to the tree litter (Fig. 3). The Calamagrostis litter changed its composition 

at the alder site the most.  

 

Litter-associated microorganisms  

 

The highest microbial biomass (PLFA total) was observed on oak litter after 3 and 7 months 

of decomposition (Fig. 4a). Spruce litter showed the highest F:B ratio that increased with 

time, while the F:B ratio on oak and willow litter was intermediate and low on alder litter, 

decreasing with time in all three litters (Fig. 4a). No clear trend in the development of the F:B 

ratio was observed in Calamagrostis litter, but it was always highest at the willow and lowest 

at the alder sites (Fig. 4b).  

Fungal sequences clustered into 8356 OTUs, of which 5200 were singletons. 

Community composition was significantly different (ANOSIM, P <0.0001) under different 

trees, on different litter types, as well as at different time points, with tree stand having the 

strongest effect and the duration of decomposition the weakest. According to PERMANOVA, 

litter type (R
2 

=0.35, P <0.001) had the major effect on fungal community composition, 

followed by tree site (R
2 

=0.19, P <0.001), C content (R 
2 

=0.03, P <0.001), time (R
2 

=0.02, P 

<0.001), C:N ratio, and N (R
2 

=0.017 and 0.016, respectively, P <0.001). Fungal communities 

in all samples were dominated by Ascomycota, except for the Calamagrostis samples from the 
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willow site where Basidiomycota were the most abundant phylum, representing up to 85% of 

all sequences. On the genus level, fungal communities were heterogeneous among different 

trees, litter types, and time points (Suppl. Fig. S3). The NMDS showed apparent clustering of 

communities from alder, willow, and oak stands and their respective litters (Fig. 5), with 

willow being the most distinct. The communities from Calamagrostis litter at all sites were 

more similar to each other and to communities on spruce litter. The majority of fungi in all 

samples were identified as saprotrophs (Suppl. Fig. S4). Bacterial sequences were grouped 

into 17339 OTUs, of which 8933 were singletons. Bacterial communities were significantly 

different (ANOSIM, P <0.0001) under different trees, on different litter types, and at different 

time points (Suppl. Fig. S5). Litter type had the strongest effect on bacterial community 

composition (PERMANOVA, R
2 

=0.23, P <0.001), followed by C content (R
2 

=0.09, P 

<0.001), tree stand (R
2 
=0.08, P <0.001), time (R

2 
=0.03, P <0.01), and N (R

2 
=0.018 P <0.05). 

The most abundant bacterial phylum in all samples was Proteobacteria, constituting 53% of 

all sequences, followed by Bacteriodetes (22%), and Actinobacteria (13%). In contrast to 

fungi, NMDS did not reveal any apparent clustering of bacterial communities (Fig. 5). 

 

Relationships between litter characteristics  

 

Overall, litter decomposition correlated positively with N content and correlated negatively 

with C content and C:N ratio (Table 4). Bacterial abundance (determined as PLFAbacteria) 

correlated positively with N content and correlated negatively with C content and C:N ratio 

(Table 4).   

Calamagrostis litter decomposition correlated positively with N content and microbial 

community abundance and correlated negatively with C:N ratio and lignin content (Table 3). 

Bacterial abundance (as PLFAbacteria) was positively correlated to N content and negatively 

correlated to lignin content (Table 4).    
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Discussion 

 

Tree litter decomposition and associated microbial community development follow 

established patterns  

 

Our results from the analyses of tree species litter reflect the well-known differences in 

decomposition patterns between coniferous and broadleaf litter (e.g. McClaugherty et al. 

1985; Lorenz et al. 2000; Berg and McClaugherty 2008; Prescott 2010), where the mass of 

broadleaf litter decreased more quickly (Fig. 1a). In contrast to broadleaf litter, spruce litter 

did not show any substantial mass loss in the first three months of the incubation (Fig. 1a). 

Higher contents of surface waxes (Fig. 3) on the outer parts of the needles, forming a barrier 

for decomposers (Lorenz et al. 2004; Cotrufo et al. 2009), and a higher initial lignin content 

(Fig. 2a) were probably the main reason for the absence of the rapid OM disappearance 

observed for all broadleaf litters, predominantly during the first three months of 

decomposition. These decomposition patterns were in accordance with the often established 

negative correlation of mass loss with initial litter C:N ratios (Tables 2 and 4; Taylor et al. 

1989).  

The chemical composition of all tree litters did not change substantially during the 

observed period. Only alder litter showed a relatively sharp decline in the content of aliphatic 

components. This decline is surprising because aliphatic components commonly relatively 

increase as litter decomposition proceeds (e.g. Almendros et al. 2000; Cepáková and Frouz 

2015). We do not have a sound explanation for this observation but we suspect a relation to 

the low C:N ratio and high nutrient contents of alder litter (Tables 1 and 2), probably resulting 

in a rapid decomposition also of usually more ‘recalcitrant’ compounds in the presence of 

easily available substrates (Marschner et al. 2008). This is perhaps also the reason why alder 
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litter had the highest mass loss at the end of the decomposition experiment (Fig. 1a). Litter 

decomposition of spruce and oak proceeded according to the expected patterns (Berg and 

McClaugherty 2008), demonstrated by an increase of alkyl-C/O/N-alkyl-C ratios (Table 3).       

During tree litter decomposition, the greatest difference in the composition of 

microbial communities developed between litters of evergreen spruce and broadleaf alder, 

oak, and willow (Fig. 4a). The F:B ratio was highest in spruce litter and even increased during 

its decomposition, confirming the importance of fungi in decomposing needle litter (Baldrian 

et al. 2008). In contrast, the F:B ratio decreased with proceeding decomposition in all 

broadleaf litter (Fig. 4a), likely due to a litter chemical structure more prone to decomposition. 

The trend of high fungal abundance in the initial stages of litter decomposition followed by 

the increase of bacteria during decomposition, which was reported previously from other 

litters (Šnajdr et al. 2011; Urbanová et al. 2014), is in line with the decrease of litter C:N 

ratios. Based on these patterns, we expected Calamagrostis litter to decompose similarly as 

the tree litter at the respective sites. 

 

Understory litter decomposition as affected by dominant tree species 

 

Although the mass loss of Calamagrostis litter was positively correlated with its N content 

and negatively with its C:N ratio and lignin content (well established key predictors of litter 

decomposition; Table 4; Melillo et al. 1982; Hobbie et al. 2006), different courses of 

Calamagrostis mass loss between the sites indicated an influence of additional factors on litter 

decomposition. These factors were most probably mediated by the dominant tree species at 

the respective sites, either via nutrients or inhibitors released from their litter or through their 

effect on microclimate or litter microbiota (Urbanová et al. 2015). This was indicated by 

Calamagrostis litter decomposing least at the spruce and oak sites, where also the dominant 

tree litter decomposed more slowly than litter at the other two sites (Fig. 1a, b). However, 
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because these site-dependent differences in Calamagrostis decomposition did not become 

apparent immediately (Fig. 1b), it seems that the effect of tree site is manifested with some 

delay (as also observed by Wickings et al. (2012)). Until then, the initially steep and uniform 

decrease in Calamagrostis mass across sites (Fig. 1b) was mainly driven by initial 

Calamagrostis chemistry, where the labile litter fraction, i.e. DOM (Don and Kalbitz 2005; 

Uselman et al. 2012), and bioavailable compounds that are readily utilized by soil 

microorganisms (mainly by fungi and bacteria; Berg and McClaugherty 2008) quickly 

decrease.  

After this initial phase (from the seventh month of our experiment), we assume that 

the decomposer communities at the respective study sites took at least partly control over the 

decomposition process. Except for the alder site, where the F:B ratio for Calamagrostis litter 

continuously decreased with time until the end of the incubation, it peaked in the seventh 

month at all other sites (Fig. 4b). We assume that this peak is a consequence of a depletion of 

free carbohydrates that is followed by a demand for breaking lignocellulose complexes 

(Osono 2007) to assure microbial accessibility to protected carbohydrates. Calamagrostis 

contains a relatively high amount of carbohydrates (Fig. 3; Frouz et al. 2011; Angst et al. 

2017) and a large part may be associated with lignin (cf. Angst et al. 2016). Because fungi are 

thought to be the most important degraders of lignin (e.g. Hatakka 1994), their abundance 

increases relative to bacteria when easily decomposable compounds are depleted, which may 

explain the peak of fungal abundance in the seventh month. After fungi had (at least partly) 

broken up lignocellulose complexes and made additional carbohydrates accessible, bacterial 

growth was favored and fungal abundance relatively decreased again. The different mass 

losses among the sites are thus likely an interaction of inherent Calamagrostis litter chemistry 

and the adaption of the resident microbial community to this chemistry at the respective site. 

This adaption seemed to be greatest at the willow site, where the F:B ratio was highly 

dissimilar to the other sites and also to the willow litter itself (Fig. 4a, b). Willow probably 
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favors the abundance of fungi because the Calamagrostis litter at this site was dominated by 

Agaricales saprotrophs (basidiomycetes) that even increased with time (Suppl. Figs. S3 and 

S4). Basidiomycetes are proposed to be effective decomposers of recalcitrant litter 

compounds (Osono 2007; Treseder et al. 2014), likely explaining why Calamagrostis at this 

site showed the highest mass loss in the seventh month of all observed sites (Fig. 1b).  

However, as mentioned above, the peak in fungal abundance in the seventh month of 

the experiment, occurring at the oak, spruce, and willow site, could not be observed at the 

alder site. The alder site was characterized by an extraordinarily high supply of N because of 

the occurrence of N-fixing symbionts and a typically high N content in alder litter (Wheeler 

1971; Cepáková et al. 2016). These two factors likely provided a source of external N also for 

Calamagrostis litter decomposition. A sufficient amount of N was also reflected in a 

significantly higher N content in Calamagrostis litter that was apparent from the seventh 

month of the experiment at this site. Several authors (e.g., Voříšková et al. 2011; Šnajdr et al. 

2013; Chomel et al. 2016) claimed that N increases fungal biomass in litter. This was not 

observed in the present study. External N rather supported bacterial growth (as indicated by 

PLFA data; Fig. 4b). As N is a well-known limiting factor of litter decomposition (Berg and 

McClaugherty 2008), its abundance was most probably the main driver why Calamagrostis 

decomposed most readily at the alder site (together with the willow site), supporting the 

efficiency of the microbial community in disrupting more recalcitrant litter components. 

Unlike previous studies (Berg 2000; Carreiro et al. 2000), where high N contents were 

described as inhibitor of lignin decomposition because of their negative effect on ligninolytic 

enzyme activity, our results did not indicate a negative effect on Calamagrostis lignin 

decomposition at the alder site.  

In accordance with the highest observed mass loss, Calamagrostis lignin 

decomposition (Fig. 2b) was fastest at the willow site, where the fungal community developed 

most intensely in the Calamagrostis litter as compared to the other sites (Fig. 4b). Opposite to 
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that, Calamagrostis lignin at the spruce site, where the fungal community was also broadly 

developed (Fig. 4a), decomposed more slowly. This may be explained by less favorable 

conditions for microbial activity at the spruce site, likely caused by higher contents of 

polyphenols in the soil originating from needle litter (Lorenz et al. 2000). Polyphenols are 

known as potential inhibitors of decomposition processes, e.g. suppressing spore germination 

or hyphal growth (Hättenschwiler and Vitousek 2000).  

Based on our results, we infer that litter chemistry constitutes a major factor 

responsible for decomposition and microbial community composition (Urbanová et al. 2014, 

2015), which shows a successional development (Voříšková and Baldrian 2013; López-

Mondéjar et al. 2015; Tláskal et al. 2016). The site effect was, however, strong enough to 

cause significant differences in the composition and development of microbial communities 

associated with Calamagrostis litter (and its decomposition), showing that species identity 

had a stronger effect than environmental filtering by litter chemistry. Our results may be 

transferable to sites with similar management and climate, and useful for future studies 

aiming at obtaining a mechanistic understanding about tree species effects on litter 

decomposition.  

 

Conclusions 

 

Although the chemistry of litter is a major factor in its decomposition, dominant tree species 

likely affected the microbial community (both its biomass and composition) and soil 

environment to such an extent that the decomposition of the same understory litter 

significantly differed between the common garden sites after our one-year experiment. This 

implies that dominant trees determine not only the fate of their own litter but also affect litter 

decomposition of their understory – both in terms of litter chemistry and the microorganisms 

involved. However, the tree species effect does not seem to be utterly predictable. While, in 
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accordance with our hypothesis, Calamagrostis litter seemed to be affected by tree litter 

chemistry, showing higher N contents at the alder site (probably largely influenced by N-rich 

alder litter), and a slow decomposition at the spruce site (probably influenced by leachates 

from low-quality spruce litter), the microbial community development on Calamagrostis litter 

did not proceed as expected. Although the Calamagrostis litter at the alder site was indeed 

colonized by relatively more bacteria, the microbial community of Calamagrostis litter 

neither reflected the high fungal abundance of the spruce litter nor corresponded to that 

associated with the litter of oak and willow at the respective site. Yet, the microbial 

community on Calamagrostis litter largely differed between the sites investigated. These 

results suggest that the co-occurrence of tree and understory litter in the forest floor leads to 

the development of distinct microbial communities, differing from those that could be 

expected when considering inherent litter chemistry only.  
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Table 1 Soil chemical properties of individual plots at which the decomposition experiment 

was conducted (i.e., no soil data is displayed for the Calamagrostis sampling plot), and C and 

N contents of leaf litter examined in the experiment. Values presented in the table are means ± 

SEM. Chemical soil properties are taken from studies of Frouz et al. (2013) and Šnajdr et al. 

(2013). 

 

 Understory Coniferous Broadleaf 

 Calamagrostis 

epigejos 

Picea omorica Quercus robur Salix caprea Alnus glutinosa 

pH  6.7 ±0.3 6.9 ±0.4 7.4 ±0.2 6.6 ±0.3 

Cox (g kg
-1

)  227 ±22 187 ±35 223 ±17 162 ±19 

N (g kg
-1

)  3.9 ±0.5 4.4 ±0.1 4.4 ±0.8 5.4 ±1.0 

P (mg kg
-1

)  13.8 ±1.7 11.0 ±2.4 12.3 ±0.4 15.3 ±1.8 

K (mg kg
-1

)  130 ±12.5 148 ±23 170 ±3.5 242 ±31 

Cleaf (g kg
-1

) 428 ±0.2 518 ±0.3 484 ±0.0 461 ±0.1 486 ±0.5 

Nleaf (g kg
-1

) 5.9 ±0.3 5.4 ±0.4 12.9 ±0.5 19.8 ±0.4 24.3 ±0.2 

 



31 
 

Table 2 C:N ratio of initial litter of spruce, oak, willow, alder, and Calamagrostis and after 

three, seven, and twelve months of decomposition. Values are means ± SEM.  

 

 

 

C:N ratio 

trees 

C:N ratio 

Calamagrostis 

Picea omorica   

Initial 96.8 ±7.9 72.4 ±3.7 

Three months 53.9 ±1.6 60.4 ±2.7 

Seven months 43.2 ±0.5 41.3 ±0.2 

Twelve months 41.4 ±1.2 30.2 ±0.4 

Quercus robur     

Initial 37.5 ±1.4 72.4 ±3.7 

Three months 16.3 ±0.3 77.1 ±2.6 

Seven months 14.0 ±0.1 43.5 ±0.3 

Twelve months 16.6 ±0.0 34.7 ±0.5 

Salix caprea     

Initial 23.3 ±0.5 72.4 ±3.7 

Three months 16.6 ±0.0 53.4 ±2.0 

Seven months 24.4 ±1.2 43.9 ±2.7 

Twelve months 20.9 ±0.3 41.9 ±0.2 

Alnus glutinosa     

Initial 20.0 ±0.1 72.4 ±3.7 

Three months 16.6 ±0.0 40.0 ±1.5 

Seven months 13.9 ±0.1 23.3 ±0.2 

Twelve months 14.8 ±0.2 20.8 ±0.4 
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Table 3 Relative contribution of peak areas (percent of total area) for different chemical shift 

regions (ppm) and ratio between specific spectral ranges determined by solid state 
13

C 

CP/MAS NMR spectroscopy in initial leaves of spruce, oak, alder, and willow and after one 

year of decomposition. 

  

Litter type 

 

 Chemical shift regions (ppm) 

 
Alkyl-C 

O/N Alkyl-

C 
Aryl-C 

Carboxyl-

C 

Alkyl-C / 

O/N-alkyl-C 

Picea omorica       

Initial        20.8 57.9 13.7 7.6 0.36 

Twelve months   23.0 55.5 13.5 8.0 0.41 

Quercus robur 
      

Initial   19.2 58.1 13.8 8.9 0.33 

Twelve months   20.0 52.9 16.1 11.1 0.38 

Salix caprea       

Initial   29.0 49.5 11.8 9.7 0.58 

Twelve months   25.8 48.6 14.9 10.7 0.53 

Alnus glutinosa       

Initial   30.5 46.4 13.1 10.0 0.66 

Twelve months   17.7 56.7 15.3 10.3 0.31 
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Table 4 Correlations between determined parameters for all litter (Calamagrostis + tree litter 

independent of species; grey part of the table) and for Calamagrostis litter individually (white 

part of the table). Numbers of the first row correspond with numbered names of parameters in 

the first column. (n) indicates the number of measurements in the data set in the respective 

line. Only significant r values (P <0.05) are shown.  Bold numbers are significant after 

Bonferroni correction. 

 

 

  

  
   r values  

 Litter parameters  

Litter parameters (n) 1 2 3 4 5 6 7 8 9 (n) 

 

1 Mass remaining  50 – 0.296 -0.318 0.475      107 

2 Carbon 32  –   -0.288  -0.577   64 

3 Nitrogen 32 -0.646  – -0.876 -0.691  0.436  -0.424 64 

4 C:N 32 0.750   – 0.664  -0.553   64 

5 Lignin 42 0.447  -0.405 0.463 –     95 

6 PLFA fungi 12      –  0.871 0.904 24 

7 PLFA bacteria 12  -0.727 0.780 -0.637   –   24 

8 Total PLFA 12 -0.660       –  24 

9 F:B ratio 12         – 24 



34 
 

 

 

Fig. 1 Mass loss of (a) spruce, oak, willow, and alder litter during the one-year decomposition 

experiment and (b) mass loss of Calamagrostis litter that was placed at spruce (C.spruce), oak 

(C.oak), willow (C.willow), and alder (C.alder) sites for one year. Symbols represent means 

and bars represent SEM. 
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Fig. 2 Lignin composition of (a) spruce, oak, willow, alder, and (b) Calamagrostis litter 

placed at spruce (C.spruce), oak (C.oak), willow (C.willow), and alder (C.alder) sites for one 

year. Relative quantities of syringyl (S), hydroxyphenyl (H), guaiacyl (G), and non-assigned 

aromatic (A) units are shown. The data represent means and SEM and are based on peak areas 

divided by mass of the sample based on TMAH-Py-GC-MS. 
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Fig. 3 Principal component analysis (PCA) ordination diagram based on the FTIR absorbance 

data between 2966 and 2700 cm
−1 

and 1800 and 1190 cm
−1

,
 
showing shifts in litter quality 

from initial litter (I) to litter after three, seven, and twelve months of decomposition. Arrows 

indicate intensities of the main absorption bands assigned according to Artz et al. 2008. 
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Fig. 4 Course of microbial biomass content in litter of (a) spruce, oak, willow, alder, and (b) 

Calamagrostis placed at spruce (C.spruce), oak (C.oak), willow (C.willow), and alder 

(C.alder) sites during the one-year decomposition experiment. 
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Fig. 5 Microbial communities in decomposing tree (spruce, oak, willow, alder) and 

Calamagrostis litter. Non-metric multidimensional scaling (NMDS) ordination calculated on 

OTU abundances. Vectors representing environmental variables significant according to the 

permutation test (P <0.05) are included. 
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Suppl. Fig. S1 Sketch of individual study sites in the post-mining area. The area is marked by 

a dashed line. Shaded parts mark areas covered by woody vegetation. Plots chosen for litter 

sampling (S, O, W, A, C) and placing of litterbags (S, O, W, A) are marked by red squares: S 

– spruce, O – oak, W – willow, A – alder, C - Calamagrostis. The sketch is modified from a 

study of Frouz et al. (2013). 
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Suppl. Fig. S2 Solid-state 
13

C NMR spectra of initial leaf litter of dominant trees (spruce, 

oak, alder, willow) and litter after one year of decomposition. 
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Suppl. Fig. S3 Composition of fungal communities in tree (spruce, oak, willow, alder) and 

Calamagrostis litter. The data represent means of four replicates and are based on sequence 

abundances. 
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Suppl. Fig. S4 Functional groups of fungi in tree and Calamagrostis litter. The data represent 

means of four replicates and are based on sequence abundances. 
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Suppl. Fig. S5 Composition of bacterial communities in tree (spruce, oak, willow, alder) and 

Calamagrostis litter. The data represent means of four replicates and are based on sequence 

abundances. 

 


