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Litter decomposition is driven by saprotrophic microbial communities. The structure of this community varies
over the course of decomposition, which has been linked to the chemistry of litter resources. Here, we test the
hypothesis that leaf litter from different tree species becomes more similar in terms of litter stoichiometry, C-
biochemistry during the course of decomposition (convergence).
We also test if these variations can be linked to shifts in microbial community structure and abundance. For this
reason, leaf litter of four deciduous tree species — beech (Fagus sylvatica), oak (Quercus robur), alder (Alnus
glutinosa) and ash (Fraxinus excelsior) were sampled from a temperate forest in February, May and September
2010. We measured variations in leaf litter stoichiometry by elemental concentrations, C-biochemistry with
Fourier transform infrared (FTIR) spectroscopy and litter microbial community structure and abundance with
phospholipid fatty acid (PLFA) analysis. For litter from beech, oak and ash, C:N and C:P ratio converged with
time when exposed to the same environmental conditions during degradation. In contrast, C:nutrient ratios
increased in alder litter over time. Litter C-biochemistry was to a large extent related to shifts in C:N ratios.
Principal component analysis PCA of FTIR bands, revealed that divergence in C-biochemistry over the course of
decomposition was dependent on litter type, and hence, with initial C:N ratio. Litter-decomposing bacterial
community was highly relevant to C-biochemistry and environmental conditions (temperature and moisture)
while fungi community was more nutrients-related.
In conclusion, initially wide C:nutrient ratios tend to converge during decay; while nutrient limitation may lead
to divergence of stoichiometry. In general, therewas a trend towards divergence of C-biochemistry andmicrobial
community structure.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Mineralization of freshly senesced leaf litter by decomposer
communities generates one of the greatest C fluxes in the global C
cycle (Schlesinger and Andrews, 2000) and returns nutrients back to
soil, which makes them available to plant growth. Furthermore,
microbes themselves have nutrient demands for their energy- and
growth-related metabolism and thereby affect the decomposition
process. Decomposer microorganisms have smaller C:nutrient ratios
(C:N, C:P) than the organic substrates they consume (Cleveland and
Liptzin 2007; Sterner and Elser, 2002), which is known as “stoichiomet-
ric imbalance” (Mooshammer et al., 2014; Zechmeister-Boltenstern
et al., 2015). The stoichiometric difference between microbial commu-
nities and organic substrates generally decreases from leaf litter to top-
soil to subsoil organic matter during decay. Exemplified by the global
temperate forest C:N ratio, the stoichiometric imbalance (calculated
Keiblinger).
on mass basis ratio of C:Nresource over C:Nmicrobes) declined from ~7 in
leaf litter to ~3 in soil organic matter (Xu et al., 2013).

It has been proposed that litter chemistry also converges towards a
common chemistry regardless of any taxonomic variation among soil
microbial and faunal communities (Fierer et al., 2009). Leaf litter C-
biochemical compounds (C-biochemistry) vary in their susceptibility
to decomposition, on a spectrum from labile molecular such as
carbohydrates and amino acids to more complex carbon compounds
(e.g., polysaccharides, lignin). So, if litter stochiometries converge, the
litter C-biochemistry convergence may also exist. Research on litter C-
biochemistry similarity has been largely facilitated by information
provided by 13C nuclear magnetic resonance (NMR) and by Fourier
transform infrared (FTIR) spectroscopy. Preston et al. (2009) found a
muting of NMR spectroscopy peaks of 11 foliar litter samples as
decomposition proceeded, which could be interpreted as the
convergence of C-biochemistries. Tatzber et al. (2011) showed that
organic and mineral soil layers in forest soils can be distinguished
along their C-biochemistry. The organic layers showed a better
discrimination in FTIR bands, which decreased with humification indi-
cating a convergence with decomposition (Tatzber et al., 2011).
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The C-biochemistry of leaf litter varies among litter types (such as
the proportions of labile and recalcitrant C-compounds) and these
litter-derived C-compounds/substrates can be utilized by a wide range
of microorganisms (Suseela et al., 2013) and conversely microorgan-
isms also adapt to their substrate (litter) over the course of decomposi-
tion. Therefore, there may also be converging trend for microbial
community structure and abundance during litter decomposition.
Many studies have shown strong correlations between microbial com-
munity structure and a range of factors such as C quantity and quality,
pH as well as C:N ratio (Fierer and Jackson, 2006; Lozupone and
Knight, 2005; Nemergut et al., 2010). Additionally, we included C-
biochemistry, C:N and C:P ratios, litter nutrients (K, Mg, Ca, Zn, Mn),
as well as environmental factors — temperature and moisture, in
order to explore the convergence on multiple-levels – stoichiometry
(elemental ratios), C-biochemistry (C-containing functional groups
characterized by FTIR spectroscopy) as well as microbial community
structure and abundance (measured via PLFA). We report for the first
time the combination of FTIR data, PLFA analysis together with
stoichiometry in a set of various leaf litter types. We hypothesized
that (H1) leaf litter stoichiometry (C:N and C:P) converges during
decay, so C:nutrient ratios will decline from February to September;
that (H2) leaf litter C-biochemistry will also converge and will be
correlated with shifts in litter stoichiometry; and (H3) litter stoichiom-
etry and C-biochemistry will have greater impacts on microbial com-
munities than will environmental factors, leading to the convergence
of litter inhabiting microbial communities. To this end we investigated
four deciduous leaf litter types – beech (Fagus sylvatica), oak (Quercus
robur), alder (Alnus glutinosa) and ash (Fraxinus excelsior) – in February,
May and September 2010, to identify whether litter becomes similar
during decay in terms of stoichiometry, leaf litter C-biochemistry as
well as decomposing microbial community structure and abundance.

2. Materials and methods

2.1. Site

Four deciduous leaf litter types were collected from the northern
Vienna Forest (Schottenwald, Austria; (Kitzler et al., 2006)), which is
located in direct vicinity of Vienna 48°10′60″ N and 16°13′60″ E
386 m asl, and has a mean annual temperature of 9 °C and a mean
annual precipitation of 465 mm. Beech, oak, alder and ash litter was
sampled on 10th February, 31st May and 14th September 2010. Soil in
the study area is a Dystric Cambisol over Flysch rocks from the
Rhenodanubian Flysch zone, which is a part of the Penninic super unit
at the borderline of the “Laberer” nappe and the “Kahlenberger”
nappe. Soil C:N is 16 and a pH of 4.4 measured in CaCl2 solution
(Kitzler et al., 2006). Soil is classified as a silty loam with a texture of
sand 28.3%, silt 44.6% and clay 27.1%.

2.2. Litter sampling

Approximately 500 g of fresh weight leaves of each individual litter
was sampled at pure tree species stands that were close to each other
(b500 m distance) so that the same climate conditions prevailed.
Three biological replicates were collected from three plots (10 × 10 m)
within an area of 50 × 50 m. Only the L-horizon was sampled, carefully
excluding mineral soil material and O-horizon. The litter was
transported to the laboratory at ambient temperature, mixed thorough-
ly and cut into b0.5 cm2 pieces using a Retsch mill (MM2000, Haan,
Germany). Aliquots of the three biological replicates per sampling site
were stored at −20 °C until further processing.

2.3. Determination of litter nutrient quality

Water content (WC) was determined gravimetrically by drying the
litter at 105 °C for 24 h. Litter pH was measured in 25 ml 0.01 M CaCl2
with 2 g of field moist litter, based on Austrian standards for soil sam-
ples (ÖNORM L1083, 2005). For elemental analysis, aliquots of dry litter
samples were ground in a mill (Retsch MM2000, Hanau, Germany) to a
fine homogeneous powder. Total carbon (C) and nitrogen (N) contents
of the litter were analyzed with an elemental analyzer (Leco CN2000,
LECO corp. St Joseph, MI, USA) (Schneider et al., 2012). Phosphorous
(P), potassium (K), magnesium (Mg), manganese (Mn), calcium (Ca),
iron (Fe) were determined by inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) after acid hydrolysis (H2SO4 + HNO3) in a
microwave oven (CEM MARS Express) (Henschler, 1988). These
nutrient concentrations were used to calculate leaf litter C:N, C:P and
N:P ratios (all ratios given are on a mass basis).

2.4. PLFA analysis

Lipidswere extracted from1 g fieldmoist sub-samples using amod-
ified Bligh andDyer technique (Hackl et al., 2005). Extracted PLFAswere
analyzed with a HP 6890 Series GC-System connected to a 7683 series
injector and auto sampler on a HP-5 capillary column and detected
with a flame ionization detector. For identification of the fatty acid
methyl esters, an external standard (bacterial acid methyl ester mix
from SUPELCO) was used. For quantification of the peaks, methyl non-
adecanoate fatty acid (19:0) was added as an internal standard (for
more details see Brandstätter et al., 2013). PLFA nomenclature used
was that described by Frostegård et al. (1993). The ratio fungal/bacterial
PLFA was calculated by the amount of total bacterial PLFAs divided by
the sum of 18:2ω6 and 18:1ω9 (Frostegård and Bååth, 1996). The iso-
and anteiso-branched saturated fatty acids (i14:0, i15:0, a15:0, i16:0,
i17:0, a17:0) represent Gram-positive bacteria (Zelles et al., 1994),
whereas cyclopropyl (cy17:0, cy19:0), the monounsaturated 16:1ω7c
and the straight chain fatty acids 14:0, 15:0, 17:0 represent Gram-
negative bacteria (Kourtev et al., 2002). We calculated the sum of the
PLFAs i14:0, i15:0, a15:0, i16:0, i17:0, a17:0, 14:0, 15:0, 16:1ω7c,
cy17:0, 17:0, cy19:0, 10Me16:0 and 10Me17:0 as an index of bacterial
biomass (Frostegård and Bååth, 1996). The PLFAs 18:2ω6,9 and
18:1ω9c were used as indicators for fungal biomass (Olsson, 1999).
10Me18:0 was as indicator of actinobacteria (Kroppenstedt, 1985).

2.5. FTIR analyses

FTIR analyses of litter samples were done using potassium bromide
(KBr) pellets, which were produced by mixing an exact amount of
2 mg ground dry litter sample with pure KBr (FTIR grade) to reach a
total weight of 200 mg before being grinded and homogenized in a
vibrating ball mill (Retsch MM 200, Haan, Germany) for 30 s. This
mixture was hydraulically pressed under vacuum at 10 tons for 3 s to
obtain a transparent pellet, and then stored in a desiccator until the
FTIR analysis. The mid-infrared spectra were recorded with a Bruker
Tensor 27 Spectrometer in the mid infrared area (400 to 4000 cm−1).
The recordings were carried out with a resolution of 4 cm−1, weak
apodization and 16 scans per sample. Background correction against
ambient air and pure KBr was carried out by every 12 samples
(Tatzber et al., 2007). The software used for band integrations was
“OPUS 6.5”. Band areas were integrated (after transformation of the
spectra from transmission into absorbance units) with corrected
baselines; the obtained units were A cm−1 (“absorbance; wavenum-
ber units”). These band areas were normalized by dividing the band
area by the weighed amount of analytes in the pellet, leading to the
unit A cm−1 mg−1. Detailed band interpretations are based on
assignments of FTIR bands to functional groups as listed in Table 2.
(Boeriu et al., 2004; Tatzber et al., 2007).

2.6. Statistical analyses

Variables were tested for normal distribution by the Shapiro–Wilk
test and homogeneity of variance between groups as assessed by



Fig. 1. Changes in C:N (a), C:P (b) and N:P (c) ratios from February to September in four
leaf litter types, beech (gray triangle), oak (inverted triangle), alder (black circle) and
ash (square). Data represent mean ± standard deviation (SD).
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Levene's test for equality of error variances. Pearson correlations of FTIR
bands with leaf litter C:N and C:P ratio were calculated with the
software IBM SPSS statistic 21. Significance was assumed at P* b 0.05
and P** b 0.01 respectively. A principal components analysis (PCA)
was used to condense the complexity of interactions between the 15
FTIR-bands into two principal components (PC1- and PC2-FTIR). The
two main components explain 74.9% of the variability in FTIR bands
and therefore represent a proxy of litter C-biochemistry. Then, the
PC1- and PC2-FTIR included as variables or factors in the canonical
correspondence analysis (CCA). The CCA was used to visualize the
relationships between the PLFAs data and environmental variables
(soil moisture, air temperature, leaf litter pH, C:N, C:P, N:P, NH4

+, days
(sampling time/stage of decay), and two principal components (PC1-
and PC2-FTIR) of litter C-biochemistry, as well as leaf litter nutrients
(C, N, P, K, Ca, Mg, Zn, Fe). The CCA was calculated in R — cran R 3.1.2,
package “vegan” (Oksanen et al., 2012). Positions of individual PLFAs
along the axes are determined by loading scores, which describe the rel-
ative importance of a variable along the ordination axis. Environmental
variables are indicated by vectors on the biplot.

3. Results

3.1. C:N, C:P and N:P change

The variation in C:N and C:P ratio differed among leaf litter types and
sampling dates (Fig. 1a and b). For beech and oak, the C:N and C:P ratio
declined with time. For ash the trend was not as clear but still the final
C:N ratio was lower in September compared to February, but leaf litter
C:P was almost the same in February and September. However, for
alder C:N and C:P ratios increased. Initial litter C:N ratios ranged from
16 to 37 (mass ratio) and converged towards 17–25 over all litter
types (Fig. 1a). In contrast, litter C:P ratio diverged from initially 420–
650 to a range of 350–1050. The observed divergence was due to the
response of alder, taking only the other leaf litter types into account
C:P ratios converged as well. Leaf litter N:P ratios of beech, oak litter
remained stable over time. For ash a decline in N:P ratio from February
to May was observed (Fig. 1c). However, for alder the N:P ratio was the
highest compared to the other leaf litter types in each season and
increased from February to May (Fig. 1c). Initial N-concentration was
highest in alder (Table 1). In May and September, C-concentrations in
alder litter was significantly (P b 0.05) higher than the other litter
types (Table 1).

3.2. Leaf litter C-biochemistry change

The contribution of individual functional groups to alterations in
overall litter biochemistry was investigated by PCA. The first and the
second principal component together explained 74.9% of the variability
in FTIR bands (PC1 59.4%; PC2 15.5%, Fig. 2). Three bands (B3, B9 and
B11) grouped together along PC 1 (Fig. 2a) and showed a negative
loading for the respective components. These bands were clearly
separated from those with a positive loading (B1, B2, B4, B5, B6, B7,
B8, B10, B12, B13, B14 and B15). Leaf litter at the first sampling
(February) was ordinated together (Fig. 2b). For the second sampling
(May), the alder and ash litter were separated from the beech and oak
litter. For the third sampling (September) ash litter was separated
strongly form other litter types (Fig. 2b). In general, sampling time
(color) had a greater influence on litter C-biochemistry than litter
types (shapes, Fig. 2b). The three bands (C–H-stretch (B3), acetyl groups
(B9) and OH, C–O–C, phenols (B11)), that grouped together along PC1
(Fig. 2a) showed a significant positive relationship with sampling time
(Table 2). In contrast, one band (B13, polysaccharides) was negatively
related to sampling time (Table 2). Moreover, band B13 was positively
correlated with litter C:N (Table 1) and was clearly separated from
bands B3, B9 and B11 in the PCA loading plot (Fig. 1a).
Interestingly, 8 bands that grouped together in the loading plot
(Fig. 2a) represent themain variation of litter C-chemistry (with highest
loading scores) of the PCA (data not shown). Among these are B1
assigned to hydroxyl groups, B4 and B5 (bands refer to carboxylates),
as well as FTIR bands that referred to more complex carbon compounds
(B6, B7) such as plant lignin (at 1510, 1460 cm−1, Almendros et al.
2003). B13 polysaccharides and B14 carbohydrates (easily available
organic C), B12 aliphatic-OH important compounds of humic acids
(Pospisilova and Fasurova, 2009, Table 2). These bands showed a
significant relationship with leaf litter C:N ratio from four leaf litter
types (Table 2). Besides the significant relationship of C:N ratios and
leaf litter C-biochemistry among these 8 FTIR bands, this was also the
case for total PLFAs. However, while the 8 FTIR bands, were strongly
positive related to leaf litter C:N ratio, total PLFAs showed a significant
negative relation (n = 36, P b 0.05, Table 2).



Table 1
Changes of C, N and P concentrations and total PLFAs in four leaf litter types.

% C % N % P Total PLFAsa (μmol g−1 DM)

February Beech 43.46 ± 0.73 a 1.37 ± 0.12b 0.08 ± 0.01 a 4.2 ± 0.7 b
Oak 43.65 ± 1.02 a 1.16 ± 0.03b 0.07 ± 0.01 a 3.0 ± 0.4 b
Alder 41.89 ± 0.86 a 2.56 ± 0.61a 0.07 ± 0.02 a 8.0 ± 4.2 a
Ash 41.39 ± 1.11 a 1.97 ± 0.12 ab 0.10 ± 0.01 a 8.2 ± 0.4 a

May Beech 43.17 ± 0.36 c 1.37 ± 0.03 d 0.08 ± 0.01 c 2.3 ± 0.5 a
Oak 45.95 ± 0.56 b 1.63 ± 0.06 c 0.10 ± 0.01 b 2.3 ± 0.6 a
Alder 48.75 ± 0.52 a 3.02 ± 0.03 a 0.06 ± 0.00 d 3.3 ± 0.6 a
Ash 40.73 ± 0.26 d 1.89 ± 0.07 b 0.13 ± 0.00 a 2.3 ± 0.7 a

September Beech 44.47 ± 1.11 c 1.82 ± 0.03 d 0.09 ± 0.01 c 1.5 ± 0.3 d
Oak 47.73 ± 0.67 b 2.49 ± 0.05 b 0.15 ± 0.00 a 4.9 ± 0.3 b
Alder 50.06 ± 0.45 a 2.17 ± 0.05 c 0.05 ± 0.00 d 2.4 ± 0.2 c
Ash 46.11 ± 0.15 bc 2.67 ± 0.04 a 0.12 ± 0.00 b 6.3 ± 0.4 a

Notes: Data representmean± standard deviation (SD). Lower-case letters in each column indicate differences between leaf litter species within eachmonth; Total PLFAsa, total microbial
abundance as revealed by total phospholipid fatty acids (PLFAs) concentration; Significance was tested with one-way ANOVA followed by Duncan's test (P b 0.05).
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3.3. Microbial community change

The results of the CCA revealed that x-axis (CCA1, 78.6%) and y-axis
(CCA2, 13.9%) together accounted for 92.5% of restrained variation in
microbial community structure (Fig. 3a). CCA 1 explained the most
variability and as the vector “days” was along CCA 1 axis this indicates
the trend over sampling time/stage of decay. When comparing the
separation of environmental constraints on CCA 1, the influence of
moisture and air temperature was very pronounced (Fig. 3a) and
another important factor explaining alterations among time inmicrobi-
al community was C-biochemistry as obtained from principal compo-
nent analysis of FTIR bands (PC1 FTIR). As shown in Fig. 3a, PC1 FTIR
was opposed to “days”, which was confirmed by a strong negative
correlation (r = −0.898, P b 0.01, n = 36; Table 3). Results from
correlation analysis (Table 3) show that bacterial communities (Gram
positive and Gram negative bacteria) were significantly correlated
(P b 0.01, n= 36)with litter C-biochemistry (FTIR PC1), environmental
factors (temperature, moisture), pH and sampling time (“days”). These
resultswere consistentwith those of CCA,which indicated temperature,
moisture and “days” as themain correlating parameters for variations in
microbial community and abundance. The score plot of the CCA analysis
of PLFAs (Fig. 3b) revealed that microbial community composition was
separatedmore clearly by sampling time (color) than by leaf litter types
(shapes). Themicrobial community at thefirst sampling (February)was
clearly separated from the second and third sampling (May and
September). Microbial community seemed to separate along CCA 1 at
the second sampling, and this was more pronounced at the third
sampling.
Fig. 2. Change of leaf litter C-biochemistry during decay; (a) Principal Component Analysis (PCA
the two components of the FTIR bands, indicatinghow litter C-biochemistrywas changedwith t
triangle, Oak-inverted triangle, Alder-circle and Ash-square) at three different samplings (Feb
functional groups are shown in Table 2.
The total amount of PLFAs was significantly higher in beech and oak
litter than in alder and ash litter (Table 1) in February. Then, in May,
total PLFAs amount was similar among them. However, in September,
leaf litter types significantly differed from each other (Table 1). The
microbial abundance (total PLFAs) was negatively correlated with litter
C-biochemistry (FTIR PC1), temperature, pH, C:N ratio, N concentration
and “days” (Table 3). More specifically, bacterial communities were
negatively correlated with temperature and “days” and positively
correlated with pH, C-biochemistry (FTIR PC1) and moisture. Fungi
were positively correlated with litter nutrients (litter N and P
concentration) and negatively correlated with litter stoichiometry.
These results were corroborated by CCA analysis (Fig. 3a), which
showed a strong influence of C-biochemistry, environmental factors
(temperature, moisture) and sampling time (“days”) on microbial
community composition.

4. Discussion

4.1. Litter stoichiometry change

We hypothesized that litter C:N and C:P ratios would converge from
February to September with litter degradation (H1). This can be ex-
plained by the fact that litter C is used for microbial growth and energy
production, and, thus, is lost via heterotrophic respiration in form of
CO2. Furthermore, if nutrients are limiting microbial growth, any C in
excess can be respired to lower substrate C:nutrient ratios via ‘overflow
metabolism’ (Keiblinger et al., 2010; Molenaar et al., 2009; Russell and
Cook, 1995). Conversely, microbes can narrow substrate C:nutrient
) loading plot of 15 Fourier Transform infrared spectroscopy (FTIR) bands; (b) Score plot of
he leaf litters species and sampling time.Data used are from four deciduous species (Beech-
ruary-dark gray, May-light gray and September-white). The functional assignments to 15



Table 2
Pearson coefficients for correlations of FTIR bands with days, leaf litter C:N and C:P ratio, and total PLFAs.

Band number/basepoints (cm−1) Assignments to functional groupsa Daysb C:N C:P Total PLFAsc

B1/3689–3033 Hydroxyl groups −0.23 0.51⁎⁎ 0.08 −0.48⁎⁎

B2/2995–2881 Aliphatic C–H-stretch −0.32 0.15 0.32 −0.20
B3/2865–2834 C–H-stretch 0.38⁎ −0.32 −0.24 0.28
B4/1783–1708 amide I, C_O-stretch −0.06 0.75⁎⁎ −0.17 −0.61⁎⁎

B5/1696–1550 C_C, carboxylates, −0.27 0.35⁎ 0.22 −0.46⁎⁎

B6/1536–1488 N–H, C_C, amide II −0.03 0.42⁎ 0.22 −0.54⁎⁎

B7/1487–1441 Aliphatic groups −0.02 0.68⁎⁎ −0.39⁎ −0.49⁎⁎

B8/1441–1402 Amide, carboxylates −0.31 −0.10 −0.37⁎ 0.07
B9/1397–1349 Acetyl groups 0.45⁎⁎ −0.02 −0.33 0.02
B10/1349–1301 OH, sulfones, esters 0.19 −0.20 0.18 −0.35
B11/1301–1196 OH,_C–O–C, phenols 0.41* −0.21 −0.32 0.18
B12/1184–1143 aliphatic OH; ethers −0.26 0.50⁎⁎ 0.08 −0.45⁎⁎

B13/1143–940 Polysaccharides, C–OH −0.37⁎ 0.42⁎ −0.01 −0.41⁎

B14/907–885 carbohydrates 0.05 0.60⁎⁎ 0.03 −0.53⁎⁎

B15/798–770 Aromatic systems −0.18 0.02 0.44⁎⁎ −0.41⁎

Notes: Assignments to functional groupsa see Tatzber et al. (2007) and Boeriu et al. (2004).
Daysb, leaf litter decomposing time; Total PLFAsc, total microbial abundance as revealed by total phospholipid fatty acids (PLFAs) concentration. Significant correlation coefficients are
marked in bold.
⁎ P b 0.05.
⁎⁎ P b 0.01.
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ratios by mobilizing limiting nutrients, e.g., by increasing N mineraliza-
tion. In the present study, leaf litter C:N and C:P ratios of beech, oak and
ash declined and converged with time, while for alder both C:N and C:P
ratios increased (Fig. 1 a and b). Alder is a symbiotic N2-fixer under N-
limiting conditions, and thus produces litter of significantly higher N
content compared to beech and oak at the first and second sampling
(Table 1). The trend for C:N ratios of alder to increase during decay
may be explained by i) the narrowC:N ratio of alder bettermeetsmicro-
bial nutrient demands within their biomass, without a need to respire
excess C to reduce the stoichiometric imbalance (Mooshammer et al.,
2014); ii) high N and high concentrations of acid-unhydrolyzable
residue (AUR; formerly referred to as lignin) in N-fixing species could
promote humification rather than decomposition (Prescott, 2010).
This is supported by significant higher N-concentrations through N-
Fig. 3. Change of leaf litter microbial community during decay; (a) Canonical Correspondence A
with environmental vectors (soil moisture, air temperature, leaf litter pH, C:N, C:P, N:P, NH4

+, d
Transform infrared (FTIR) spectroscopy) as well as leaf litter nutrients (C, N, P, K, Ca, Mg, Zn, Fe
vectors indicate their influence on microbial community structure and abundance. Vectors tha
lation, and vectors that point in opposite direction indicate a negative correlation. Vectors that ar
the two CCA components of the PLFAs data set, showing howmicrobial community structurew
types (Beech-triangle, Oak-inverted triangle, Alder-circle and Ash-square) at three different sa
fixation and also increasing C-concentrations in alder litter (May and
September, Table 1), which could result from humification.

Higher N-concentrations in alder litter (Table 1), result in wider N:P
ratios (Fig. 1c), and P might become limited (Gress et al., 2007; Naples
and Fisk, 2010). We found a significantly lower P-concentration in
alder in May and September (Table 1), which suggests that the P loss
occurs in alder leaf litter especially at later decomposition stages.
Moreover, net P loss is assumed to occur at C:P ratios between 800
and 1200 (Moore et al., 2011), which is in the range of C:P ratio
observed in May and September (mass ratio of 750 and 1050,
respectively). Additionally, the N:P ratio of alder at each sampling was
higher twice than those of other leaf litter types (Fig. 1c). This indicates,
relative to other leaf litter types, more N was either in the structural
components or perhaps was reacting with various decomposition
nalysis (CCA) biplot of microbial community structure (phospholipid fatty acids— PLFAs)
ays (sampling time), and two principal components (PC1, PC2) of litter chemistry (Fourier
). Environmental constraints are displayed as vectors, and length and positioning of those
t point in the same direction as individual PLFAs or other vectors indicate a positive corre-
e oriented orthogonally indicate no relationshipwith PLFAs or each other; (b) Score plot of
as related by leaf litter types and sampling time. Data used are from four different leaf litter
mplings (February-dark gray, May-light gray and September-white).



Table 3
Pearson correlation coefficients between environmental parameters and leaf litter decomposing microbial community as measured by PLFA analysis.

Gram-positive Gram-negative Overall Fungi F/Bb Total

bacteria bacteria bacteria PLFAsc

Temperature −0.60⁎⁎ −0.65⁎⁎ −0.65⁎⁎ 0.37⁎ −0.47⁎⁎

FTIR PC1a 0.53⁎⁎ 0.60⁎⁎ 0.59⁎⁎ −0.35⁎ −0.48⁎⁎

Days −0.68⁎⁎ −0.68⁎⁎ −0.69⁎⁎ 0.52⁎⁎ −0.33⁎

Moisture 0.66⁎⁎ 0.56⁎⁎ 0.60⁎⁎ −0.53⁎⁎

pH 0.61⁎⁎ 0.73⁎⁎ 0.71⁎⁎ −0.52⁎⁎

C:N −0.50⁎⁎ −0.36⁎ −0.45⁎⁎

C:P −0.46⁎

C −0.53⁎⁎ −0.42⁎⁎ −0.46⁎⁎

N 0.49⁎⁎ 0.41⁎ −0.46⁎⁎

P 0.51⁎⁎ 0.45⁎

Notes: FTIR PC1a, first principal component of PCA using Fourier Transform infrared (FTIR) spectroscopy data; F/Bb, Fungi to bacteria ratio; Total PLFAsc, total microbial abundance as re-
vealed by total phospholipid fatty acids (PLFAs) concentration.
⁎ P b 0.05.
⁎⁎ P b 0.01.

98 D. Liu et al. / Geoderma 272 (2016) 93–100
products and so being retained in the litter complex (Prescott, 2010).
Thus litter decomposing process tend to be limited by P when the N:P
ratio was high (Güsewell, 2004).

4.2. Leaf litter C-biochemistry change

FTIR has been largely used to determine the decomposition state of
forest soil layers who showed an absolute decline in distinct band
numbers with increasing decay of the litter (Haberhauer and
Gerzabek, 1999; Haberhauer et al., 1998). We hypothesized that leaf
litter C-biochemistry will also converge and should show a relationship
with C:N and C:P ratios (H2).

The results of the combination of PCA loading plot with correlation
analysis, show that most of the FTIR bands were not directly related
with “days” (sampling time/stage of decay). However, three of them
(C–H-stretch (B3), acetyl groups (B9) and OH, C–O–C, phenols (B11)
showed a relative increase over time indicating increased humification
of humic and fulvic acid fractions (Brunetti et al., 2008; Helal et al.,
2011). While a large set of bands, which grouped together along main
component of FTIR (PC1), and also have the highest loading for the
PC1, were not significantly correlated with “days” (Table 2). Surprising-
ly, this main component (PC1) of the FTIR data was strongly negative
correlated (r=−0.898, P b 0.01, n=36; Table 3)with “days”. Together
these bands that show the highest loading for PC1, seem to be indicators
for degradation, as for example they refer to the process of transforma-
tion of litter lignin structure (B6 and B7), humic acid degradation (B12
and B13), as well as the leaching of dissolved organic matter (B14)
(Klotzbücher et al., 2011; Qualls, 2004, 2005). Haberhauer et al.
(1998) also compared the composition of forest soil litter derived
from three different sites at various decomposing stages from L to H
soil horizons. They found that the decline of peak intensity
(1510 cm−1, lignin fractions, B6 in our study) was significantly positive
correlated to the total carbon content and C:N ratio, which can be a
measure of decomposition of forest litters. Similarly, we found that all
of the bands that grouped together in the PCAalongPC 1were positively
correlated with litter C:N. It therefore seems obvious that FTIR bands
that are positively related with litter C:N ratios indicate advanced
decomposition. This is in line with the result of Preston et al. (2009)
who found a muting of 13C nuclear magnetic resonance (NMR)
spectroscopy peaks as decomposition proceeded. Similarly, also a
relative decline in the relative abundance of small molecules that refer
to C-biochemistry, was determined in decaying litters by Hilli et al.
(2012), using Pyrolysis-Gas Chromatography/Mass Spectrometry (py-
GC/MS).

However, no significant relationship with leaf litter C:P was
observed. The possible explanations for the good relationship between
FTIR bands and C:N could be that i) FTIR bands refer to C-compounds
that also contain N and not only C, e.g. B4 (amide I), N–H (B6) and
amide (B8), but there are no bands representing P-containing
compounds, and litter P exhibits uneven change during decomposition
(increasing and decreasing unpredictably) as found by Hobbie et al.
(2014). ii) The concept of stoichiometric imbalance is not so straightfor-
ward for C:P than for C:N as was discussed in two recent reviews
(Mooshammer et al., 2014; Zechmeister-Boltenstern et al., 2015). It
was proposed that, during the process of litter decomposition, litter-
inhabiting microbial communities were closely related to alteration in
the litter chemistry (Dickinson and Pugh, 1974). This is supported by
a significant relationship between total microbial abundance and FTIR
bands, the same 8 bands that were correlated with litter C:N ratio in
our study. These results suggest changes in litter C:N are to a large
extent related with changes in C-biochemistry and tend to have a
great impact on leaf litter microbial abundance over the course of
decomposition. However, the decline of FTIR bands was limited to
certain bands, but still offers the possibility to link them with leaf litter
decomposition.

The score plot of our PCA combines leaf litter types with C-
biochemistry (Fig. 2b). Results show that leaf litter types grouped
together at the initial sampling (February), which would suggest rather
similar C-biochemistry. However, the C-biochemistry variation
between leaf litter types increased with time. Beech and oak litter
grouped together at the first (February), and second sampling (May).
In contrast, litterwith low initial C:N ratios (ash, alder) exhibited similar
C-biochemistry at the second sampling. In contrast to our hypothesis,
these findings demonstrate that divergence in C-biochemistry over
the course of decomposition was dependent on litter type, and hence,
most probably with differences in decomposition rate (Jacob et al.,
2010), as beech and oak are litter types that commonly decompose
slower than alder and ash (Nykvist, 1962). While the divergence of
ash litter during decomposition was more related to C-biochemistry
(Fig. 2b), the divergence of alder seems to be more strongly driven by
the C:N ratio of the litter (Fig. 1a).

4.3. Litter inhabiting microbial community structure and abundance

We hypothesized that litter stoichiometry and C-biochemistry will
have greater impacts on microbial communities than will environmen-
tal factors, leading to the convergence of litter-inhabiting microbial
communities (H3). A negative correlation between fungal and litter
C:N ratio (Table 3) was observed and suggest that fungi might be
facilitated by initial higher C:N ratio (Sterner and Elser, 2002), as there
was a trend for convergence for these litter C:N ratios. Bacterial
abundance declined over time (revealed by negative correlation
between bacteria and “days”, Table 3) and was strongly related to C-
biochemistry, moisture and temperature. As affected by the environ-
mental variables, there is still a trend along CCA1 for the microbial
community and their change over time (Fig. 3b). The significant positive
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relationship between the fungal to bacterial PLFA ratio and “days”
(Table 3) indicates a shift towards a more fungi-dominated community
over time. While fungal abundance showed no correlation with
moisture and temperature (Table 3), illustrating that fungi seem to
exhibit less of a response to environmental variation. This can be a
consequence of differences in growth patterns (Vos et al., 2013) that
allow fungi to not be restricted by moisture or nutrient availability. At
the initial sampling in February, CCA analysis showed a separation of
beech PLFA scores from the other litters, which indicates that the
microbial community inhabiting beech litter was different from the
communities on ash, alder and oak (CCA 2, Fig. 3b). As we sampled all
leaf litter types at the same time, the stages of decay were different
among them. However, we observed a trend towards a separation of
the microbial community structure in May, and this was consistent
with the variation in C-biochemistry, which also appears to be very
distant to the C-biochemistry measured in February samples. At the
May sampling, microbial communities on litter with similar initial C:N
ratios had resembling fatty acid compositions, with the high initial C:N
litters beech and oak grouping together, opposed to the low initial C:N
litters ash and alder (Fig. 3b). The microbial community of the various
leaf litter types separated more pronouncedly along x-axis (CCA 1) in
September, suggesting a divergence of the microbial community
(Fig. 3b). This is also supported by significant difference in total micro-
bial abundance as revealed by total PLFAs concentration (Table 1).

5. Conclusions

Initial C:N and N:P ratios of litter are good indicators for nutrient
limitations (N or P). However, we found that for litter, whose decompo-
sition was thought to be P-limited, C:nutrient ratios did not converge
over time. Instead, we found that variations in litter biochemistry over
decay were to a large extent related to litter C:N ratios, arguing that
these differences reflect the stage of decay. Collectively, litter C:N ratio
converged during decay while litter C-biochemistry and microbial
community structure tends to diverge dependent on litter type.
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