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Abstract: Although the effect of litter mixture on decomposition has been well
documented, few studies have examined the relationships between richness and relative
abundance of leaf species in litter mixture and changes in universal fungal communities
during the decomposition process in temperate forests. In this study, we used the litterbag
method and included three leaf litter species, i.e., aspen (Populus davidiana Dode), birch
(Betula platyphylla Sukaczev) and oak (Quercus mongolica Fischer ex Ledebour), to
investigate the mass loss rate and diversity of universal fungal communities in each litter
treatment, which were sampled in sifu after 180, 240, 300 and 360 days of decomposition
(between 2012 and 2013) in broadleaved mixed forests in Chinese temperate forests. Eight
mixture proportions were examined: pure aspen litter (10A), pure birch litter (10B), pure
oak litter (100), 50% aspen litter mixed with 50% birch litter (5A:5B), 50% aspen litter
mixed with 50% oak (5A:50), 50% birch litter mixed with 50% oak litter (5B:50), 10%
birch litter mixed with 80% aspen litter and 10% oak litter (1B:8A:10), 30% birch litter
mixed with 40% aspen litter and 30% oak litter (3B:4A:30). Over 360 days of
decomposition, approximately 46.6%, 43.6%, 28.0%, 54.4%, 40.2%, 39.5%, 54.5% and
49.46% of litter mass was lost from 10A, 10B, 100, 5A:5B, 5A:50, 5B:50, 1B:8A:10 and
3B:4A:30, respectively. In addition, the number of fungal denaturing gradient gel
electrophoresis (DGGE) bands showed a positive correlation with mass loss rate,
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indicating a positive feedback between leaf litter decomposition and universal fungal
communities in the leaf litter. The results revealed that the 5A:5B, 1B:8A:10 and
3B:4A:30 litter mixtures had a synergistic effect on the litter mixture, while the 5A:50
and 5B:50 litter mixtures had a nearly neutral effect on the litter mixture. Thus, leaf litter
species composition and relative abundance seem to be more important than leaf litter
richness in driving the direction and magnitude of litter mixture decomposition.

Keywords: litter mixture decomposition; non-additive effects; mass loss; fungal
community; PCR-DGGE

1. Introduction

Litter decomposition is an important ecological process that provides the main source of nutrients
for microorganisms and plays a crucial role in the maintenance of soil fertility in forest ecosystems [1].
The decomposition of litter is primarily directly related to distinct substrate quality [2,3]. Moreover,
environmental conditions, including soil fertility, microclimate and decomposer communities in the
forest floor, can also alter decomposition rates indirectly [4]. Particularly, microorganisms are the
animate component of organic matter, which play essential roles in the transformation from organic
matter to inorganic matter [5].

Generally, the rate of litter decomposition is positively correlated with the initial N content of the
litter, but negatively correlated with the initial C/N and lignin/N ratios of the litter over a wide range of
ecosystems [6,7]. Specifically, the concentrations of mineral nutrients (such as Mn or Ca) and diverse
recalcitrant compounds in leaf litter are related to the rate of litter decomposition [8,9]. It has been
demonstrated by current research that compared with chemical parameters of the litter, litter species
would provide better explanatory power for the rate of litter decomposition [3,10].

However, litter in natural ecosystems always decomposes a mixture of various leaf species.
A large number of studies have shown that the litter mixture could have additive (neutral) or
non-additive (synergism or antagonism) effects on litter decomposition. In contrast with non-additive
effects, the additive effects can be predicted from the rates of decomposition in the monocultures of
each component species [11,12]. According to Ostrofsky [13], these non-additive effects may be
controlled by four principal mechanisms. In the first instance, this refers to nutrient transfer, where
nutrients are translocated from high-quality to low-quality litter, either through a water film, or
actively transported through the hyphae of fungi connecting two different types of litter [14]. This
favors rapid colonization of decomposer communities and accelerates the decomposition of recalcitrant
litter in the mixture. Second, the rate of litter decomposition could be reduced by specific secondary
compounds (tannins or phenolics). Tannins inhibit microbial growth and activities by forming resistant
complexes with proteins [15]. These proteins, combined with polyphenols render the N unavailable to
the decomposition organisms and consequently slow them down [15]. The third mechanism, i.e., the
structural stability of litter beds, improves microclimatic conditions, which could offer a more suitable
habitat for decomposer communities, therefore facilitating litter decomposition. In contrast, however,
we should point out that this mechanism protects labile soluble compounds from leaching. Finally,
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synergistic or antagonistic effects on the decomposition of various types of species in mixed litter may
occur simultaneously; therefore the net effect of mixed-litter decomposition could present different
mixing effects in various processes [13]. Tanya found that biodiversity loss had consistent
consequences for litter decomposition and the cycling of major elements over broad spatial scales [16].
However, few studies have investigated how the relative abundance and richness of aspen, birch and
oak litter affect decomposition in temperate forests in northern China.

In addition, chemical and physical changes in the litter mixture can influence the decomposition
rates through the decomposer community [17]. Therefore, an increase in the diversity and abundance
of the decomposer community could result in greater mass loss because of an increase in microhabitats
of the litter mixture [12,17]. Microorganisms transform more than 95% of the plant litter carbon in
temperate coniferous forests [18,19]. Specially, fungi, compared with other microorganisms that
exploit available resources, are more efficient and considered as the main decomposer by invading leaf
litter and producing enzymes for degrading lignocellulose matrices through hyphae [20,21]. Many
studies have shown that the substrates of leaf litter and their diversity in litter mixture could alter the
abundance and structure of the universal fungal community [17,21,22]. In turn, as biocontrol agents,
various communities of fungi have different biochemical capabilities to produce bioactive compounds,
which could influence leaf litter decomposition [21,23,24]. Therefore, attention should be placed on
investigating the relationship between fungal diversity and litter mixture decomposition to extend our
knowledge of forest ecosystem functioning.

However, the traditional research methods used to investigate fungal communities have been
limited to incomplete culture and induction of sporulation [25]. In contrast, molecular fingerprinting
techniques, such as denaturing gradient gel electrophoresis (DGGE), are powerful for comparing
fungal assemblages [26,27], which can rapidly detect all life stages of fungi without any sporulation or
culturing [21,28]. Therefore, the molecular tools are more sensitive to variation between the abundance
and spatial and temporal diversity of fungi. Although many studies have demonstrated the effects of
leaf litter quality on decomposition [29,30], few have assessed the effect of litter quality on universal
fungi, especially the effect of aspen (Populus davidiana Dode), birch (Betula platyphylla Sukaczev) and
oak (Quercus mongolica Fischer ex Ledebour) litter on the universal fungal diversity in northern China
using the PCR-DGGE method.

The objectives of this study were: (1) to investigate how the leaf litter species composition (aspen,
birch and oak), relative abundance and richness affect the direction and magnitude of the litter mixture
decomposition in temperate forests in northern China, and (2) to explore the relationships between
litter mixture (species composition, relative abundance and richness) decomposition and the diversity
of universal fungal assemblages in temperate forests in northern China.

2. Materials and Methods
2.1. Study Site

The study was conducted in the Liao River Source Nature Reserve (LRSNR, 41°01'—41°21" N,
118°22'-118°37" E), Pingquan County, Hebei Province, China. This nature reserve consists of an area
of 3.355 x 10* ha, with elevations ranging from 625 to 1738 m. The region is a transition between a
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temperate and cold-temperate zone, with a semi-humid and semi-arid continental monsoon mountain
climate. The long-term mean annual precipitation is 550 mm and the mean annual evaporation is 1800 mm.
The mean annual temperature is 7.3 °C with monthly average temperatures ranging from —10.8 °C
(January) to 22.9 °C (July) [31]. Generally, the reserve has a brown and cinnamon type of soil,
classified as a Eutriccambisol [32]. The typical vegetation of the mixed forests consists of deciduous
broadleaved trees, i.e., aspen (Populus davidiana), birch (Betula spp.), oak (Quercus spp.) and shrubs
(e.g., Prunus spp., Vitex negundo var. Hetertophylla and others).

2.2. Experimental Design

This work was conducted based on the Forestry Standards “Observation Methodology for
Long-term Forest Ecosystem Research” of the People’s Republic of China (LY/T 1952-2011) [33]. In late
September 2012, when maximum litter fall occurred, we collected freshly senesced leaves of aspen,
birch and oak from the forest floor. All litter was air dried immediately after collection at room
temperature until a constant weight and stored for further use. To calculate the correction factor from
air-dried weight to oven-dry weight, five sub-samples of the three litter species were dried to a
constant weight at 75 °C. A detailed description of the chemical compositions of the three litter species
is shown in Table 1. The chemical analyses used for the litter were performed according to the
Forestry Standards of the People’s Republic of China (LY/T 1952-2011) [33].

Table 1. Initial chemical properties of the three leaf litter species, i.e., aspen (Populus
davidiana Dode), birch (Betula platyphylla Sukaczev) and oak (Quercus mongolica
Fischer ex Ledebour) (mg/g).

Species C N C/N Lignin Lignin/N P K
aspen 509.3+11.3¢c 85+0.2a 60.0+2.1c 252.1+0.3¢c 29.7+02¢ 1.2+0.0b 3.5+0.1b
birch 527.4+9.1b 75+03b 70.1+2.6b 263.6+03b 351+03b 12+00a 24+0.lc

oak 551.7£10.5a 6.9+0.2¢c 80.3+2.2a 290.0+0.3a 422+03a 09+£00c 55+0.1a

Data are means + SE (n = 5). Different letters within a column indicate significantly different means
(p <0.05, Tukey’s test).

The litterbag method, a widely used technique, was used for estimating the leaf litter decomposition
rates during a 12-month period. Each litterbag (20 cm x 30 cm) was constructed from polyethylene
netting with a 1.0-mm x 1.5-mm mesh size. The mesh size was intentionally chosen to impede the
incorporation of mesofauna decomposers and to minimize the physical loss of small litter
fragments [34].

Each bag was filled with 10 g of air-dried litter with a weight accuracy of 107 g, labeled and sealed
with rust-proof staples. We prepared the following eight types of litter bags: pure aspen litter (10A),
pure birch litter (10B), pure oak litter (100), 50% aspen litter mixed with 50% birch litter (5A:5B),
50% aspen litter mixed with 50% oak (5A:50), 50% birch litter mixed with 50% oak litter (5B:50),
10% birch litter mixed with 80% aspen litter and 10% oak litter (1B:8A:10), 30% birch litter mixed
with 40% aspen litter and 30% oak litter (3B:4A:30), where the two types of three species litter
mixtures reflected the heterogeneity of the litter composition at the edge gaps and in the inner
broadleaved mixed forests. Specifically, the proportions of each litter type in the litter mixtures
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multiplied by the gross dry weight (10 g) are the actual air-dried weight for each corresponding
component litter species, which were fully mixed in each litter mixture. On 19 October 2012, 576 litter
bags (8 litter types x 6 litter bag replicates x 4 harvests x 3 replicate plots) were deployed on the floor
of the three replicate plots, 50 m apart, in a similar landscape position, with similar topographic
features, elevation and exposure (north facing) to ensure comparability between test results. The
physical and chemical characteristics of the soil were as follows: bulk density 1.45 = 0.19 g-cm >, pH
5.62 + 0.27, organic matter 13.25 + 8.58 mg-g!, total N 0.93 = 0.72 mg-g !, total P 0.80 +
0.26 mg-g !, total K 4.55+0.12 mg-g ..

Five litterbags of each treatment were randomly retrieved and transported to the laboratory after
180, 240, 300 and 360 days of decomposition. The litter remaining in each bag was cleaned from
extraneous matter, such as attached soil particles, in-growth plant materials and small animals, using
tweezers and a brush. The contents of the three mixed-leaf litter samples were separated into their
component species. Litter species identification was relatively easy, even after 360 days, due to the
strong morphological and structural differences among the species. The separated litter samples were
oven-dried at 75 °C for 72 h until a constant mass and then weighed to determine the remaining dry
leaf mass. A total of 15 leaf litter types were obtained, consisting of pure birch, aspen and oak
leaf-litter, as well as separated birch, aspen and oak leaf-litter, from each of the three two-species and
two three-species litter mixtures. The remaining three litterbags were stored in a refrigerator at 4 °C
and prepared for fungal DGGE (Denaturing Gradient Gel Electrophoresis) analyses after being
completely mixed in one litterbag.

2.3. DNA Extraction

Fungal genomic DNA was extracted from the litter samples using the method improved by
Griffiths et al. [35], in which 0.5 g litter samples were extracted with 0.5 g glass beads (diameter
0.1 mm), 900 pL extraction buffer (100 mM Tris-HCI, 100 mM EDTA, 1.5 M NaCl, pH 8.0), and
beadbeated at 2000 rpm for 30 s using a vortex. The separation and precipitation of the DNA followed
the manufacturer’s instructions for the fungal DNA extraction kit (Mo Bio Laboratories, Solana Beach,
CA, USA). Specifically, the litter mixture used for DNA extraction was taken as one composite
sample, without separation into components species.

2.4. PCR-DGGE

Fungal 18S rDNA was amplified with the universal primers NS1 (GTA GTC ATA TGC TFG TCT
C) and GC-Fung (CGC CCG CCG CGC CCC GCG CCC GGC CCG CCG creeecea cece cATTCC
CCG TTA CCC GTT G) [36]. All PCR amplifications were performed in 50 pL reaction medium
consisting of 5 pL 10x buffer, 3.2 pL dNTP (2.5 mM), 0.4 uL rTaq (5 U/uL), 1 pL of each primer
(20 mM), 100 ng DNA template and sterilized Milli-Q water added to a volume of 50 pL. The PCR
amplification program was conducted with a iCycler thermocycler PTC-220 (Bio-Rad, Hercules, CA,
USA) using the following procedure: an initial denaturation cycle at 94 °C for 5 min; 30 cycles of
denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s and extension at 72 °C for 30 s; and a single
final elongation at 72 °C for 10 min.
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DGGE analysis was carried out using a D-Code mutation detection system (Bio-Rad, USA). For
each sample, 40 uLL of PCR product and 20 pL loading dye (0.05% bromophenol blue, 0.05% xylene
cyanol, 70% glycerol, sterilized water) were loaded into 8% acrylamide gel containing 20%—40%
denaturing gradient in 7 L of 1 x TAE-buffer (40 mM Tris/Acetate, pH 8; 1| mM EDTA) at a constant
150 V, 60 °C for 8 h [37]. Then, the DGGE gels were visualized by silver staining, following
Radojkovic and Kusic [38], and gel images were obtained using the Gel Imaging System (Bio-Rad Gel
Doc 2000 Laboratories, Phoenix, AZ, USA). The DNA bands were identified and analyzed using
Quantity One 4.6.2 software (Bio-Rad, Hercules, CA, USA).

Each detected band was identified as a ribotype, and the number of bands reflected the genotypic
richness of each sample [39]. The relative abundance of each band (pi) was expressed as the pixel
intensity of the band [40]. The Shannon-Wiener index of richness (H) [41] was calculated with the

following equation:
N
H:—Z'Pilnpi (1)
i=1

where pi = ni/N, ni is the pixel intensity of each band and N is the total intensity of the sample in a lane.
2.5. Calculations

The remaining litter mass (RM) in each litterbag was calculated as the percentage of the initial litter
dry weight (Xo) by species at each sampling time (X7), using the formula as follows:

RM = X;/X, X 100 )

To quantify the dynamics of mass loss, a negative exponential decay function, developed by
Olson [42] and further refined by Barlocher [43], was applied to the amount of litter over time, i.e.,
W, = W, x e”*t where W, is the remaining mass at time ¢, W, the initial mass of the litter, k the rate
of decomposition and ¢ the incubation time of the litterbags. The time required for 50% and 95% mass
loss was calculated as tggo, = —In 0.5/k and ty50, = —In 0.05/k, respectively [42].

The predicted relative remaining mass of each litter mixture was calculated based on the observed
rates of decomposition in the monocultures of each component species and their initial ratios in the
mixtures. This was calculated as follows [44]:

Predicted remaining mass (%) = [M;/(M; + M,)] X Ry + [M,/(M; + M;)] X R,  (3)

where R is the remaining mass (%) of the single litter species and M is the initial dry weight of each
litter species in the mixture; the subscripts 1 and 2 represent the two leaf litter species in the mixture.
The same formula theory was applied to the case of the mixture composed of the three litter species. The
NAE (non-additive effect) of each litter mixture was calculated as the ratio [(predicted —
observed)/predicted] x 100%)] [45], which refers to remaining mass; negative NAE ratios
suggest antagonistic mixture effects, while positive NAE ratios indicate synergistic mixture effects.
At each sampling time, we calculated the expected mass loss of the litter mixtures on the basis of the
measured rates of decomposition within the monocultures of each component species as well as their
initial ratios in the mixtures.
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2.6. Statistical Analysis

In order to test whether non-additive (synergistic or antagonistic) litter mixture effects were
significant, the differences between the predicted and observed decomposition mass loss of the
mixtures were assessed by paired ¢-tests across the sample dates. One-way ANOVA was applied to
examine the differences in species-specific initial litter quality. Two-way ANOVA was applied to (1)
examine the differences in mass loss of the individual amounts in the litter decomposing as a single
species compared with the individual amounts of litter in a mixture of species (we carried out separate
analyses for each sampling time); and (2) test differences in mass loss between the five mixture
treatments (the SA:5B, 5A:50, 5B:50, 1B:8A:10 and 3B:4A:30 litter mixtures), with treatment and
time as the major factors. For post hoc comparisons of mass loss, we used Tukey’s multiple mean
comparison test. Linear regression was performed to test the relationship between the accumulated
mass loss and the number of fungal DGGE bands. All statistical analyses were carried out using SPSS
version 13.0.1 statistical software (SPSS, Chicago, IL, USA), with the level of significance set at 0.05
in all cases.

3. Results
3.1. Mass Loss

Over 360 days of decomposition, the order of accumulated mass loss was 1B:8A:10 (54.5%) >
5A:5B (54.4%) > 3B:4A:30 (49.5%) > 10A (46.6%) > 10B (43.6%) > 5A:50 (40.2%) > 5B:50
(39.5%) > 100 (28.0%, Table 2). With regard to the coefficient k£ and the mass loss (#50%, #95%) periods
of litter decomposition, the orders of whose were similar to that of the mass loss (Table 3). The
observed values of mass loss of the 1B:8A:10, 3B:4A:30 and 5A:5B litter mixtures were significantly
different from the predicted values calculated on the basis of the decomposition of monospecific litter
(p < 0.01, Table 2), producing significant synergistic effects on day 240 for 5A:5B (¢ = —2.48,
p = 0.035), 1B:8A:10 (¢ = —2.15, p = 0.031) and 3B:4A:30 (¢ = —-2.09, p = 0.028), on day 300 for
5A:5B (t=-2.54, p = 0.032), 1B:8A:10 (¢ = —2.26, p = 0.037) and 3B:4A:30 (¢t = —2.33, p = 0.026),
as well as after 360 days for 5A:5B (r = —2.38, p = 0.041), 1B:8A:10 (¢t = —1.79, p = 0.022) and
3B:4A:30 (t = —1.93, p = 0.034, Figure 1). However, the overall relative mixtures effect by day 180
did not differ significantly from 0 (p > 0.05, Figure 1). Therefore, the synergistic effects increased over
time but had declined by day 360. In contrast, the 5A:50 and 5B:50 mixtures did not show a
significant mixing effect on the mass remaining on all collection dates (p > 0.05) except for day 300
for SA:50 (t=—-2.35, p=0.043) and 5B:50 (¢ = —2.28, p = 0.049, Figure 1), while the predicted values
were marginally higher than the observed values.

By separating the litter remnants by species, we detected the effect of individual litter species in the
mixtures on the remaining mass. In the 1B:8A:10, 3B:4A:30 and 5A:5B mixtures, the mass of aspen
litter remaining was significantly lower than that of litter decomposing alone over the entire process
(p < 0.05, Table 2). The same conclusion applied to the birch and oak litter in these three litter
mixtures. Moreover, in the 5A:50 and 5B:50 mixtures, the mass of aspen and birch remaining was
apparently affected by the mixture since significant differences were found between the monospecific
litter and the litter in the mixtures on all four sampling dates. Compared with monospecific oak litter,
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there were no significant differences in the oak mass remaining between the oak litter mixed with aspen
and that mixed with birch (p > 0.05, Table 2).

Table 2. Mass loss of individual types of litter over 360 days for three tested leaf litter
species and litter mixtures (means =+ SE; n = 3).

Mass Loss (%)
Individual litter Litter mixtures
Aspen Birch Oak Observed  Predicted Difference
10A 46.6 £ 1.5d 46.6 £ 1.5dC
10B 43.6 +£1.9d 43.6 £1.9dD
10C 28.0+£2.0b 28.0+2.0bF
5A:5B 55.8+1.8b 529+ 1.1b 544+ 1.5A 45.1 9.3b
5A:50 49.7 £ 1.6¢ 30519 40.2+1.8E 373 2.89¢
5B:50 485+12¢c 305+14b 395+1.3E 35.8 3.7c
1B:8A:10 56.9+1.3b 56.2+12a 33.6+x1.2a 545+13A 444 10.1a
3B:4A:30 58.1+1.3a 55.0+13a 324+13a 495+13B 40.1 9.4b

Different letters indicate significant differences. Lowercase letters denote differences between monospecific
litter and the litter in the mixtures, as well as the differences between the observed and predicted mass loss of
the litter mixtures. Capital letters denote differences between the observed mass losses of the litter
treatments. Two-way ANOVA for differences (p < 0.05) among individual litter types; ¢-tests for
differences (p < 0.05) between observed and predicted values. Relative differences between predicted and

measured mass loss of litter.

Table 3. Decomposition parameters (a), coefficient £ and time (year) required for
different levels of decomposition (#s0% and t95% mass loss) for the eight litter treatments
(means + SE; n = 3).

Litter Fraction Parameter a Coefficient k R? Ts0% Tose,
10A 102.7 £0.3b 0.6 +0.0c 0.98 1.1 +£0.1d 46+0.2d
10B 99.9 +£0.3d 0.5+0.0d 0.97 1.3+0.1c 5.5+0.3c
100 104.2 £0.3a 0.4+ 0.0f 0.98 1.8+0.1a 7.8+0.3a

5A:5B 98.3 £0.3¢e 0.7+0.0b 0.96 1.0+£0.1d 44+0.2d
5A:50 98.9 +£0.3¢e 0.5+ 0.0d 0.97 1.3+£0.1c 5.6+ 0.2c
5B:50 101.7 £ 0.3¢ 0.5+0.0e 0.99 1.4+0.1b 6.2+0.2b
1B:8A:10 98.4 +£0.3¢e 0.7+0.0a 0.98 09+0.1d 4.1+0.3d
3B:4A:30 98.4+0.3¢ 0.7+ 0.0c 0.97 1.1+0.1d 4.6+0.3d

Values followed by different lowercase letters within a line indicate significant difference between means
(» <0.05).
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Figure 1. Non-additive effects (NAE) on mass remaining in all litter mixture treatments
over time. t-tests were used to check whether NAE was significantly different from zero,
indicated by *. Bars indicate SE (n = 3).

3.2. Fungal Community Based on PCR-DGGE

Fingerprinting analysis of the universal fungal community based on the PCR-DGGE technique
indicated significant differences between the numbers of DGGE bands in all eight litter treatments
during decomposition (Table 4). The initial numbers of DGGE bands were low, and increased to reach
the maximum values at day 300, after which they decreased dramatically on day 360, except for the
5A:5B and 5A:50 litter mixtures, for which the maximum DGGE bands occurred on day 240
(Table 4). The number of DGGE bands increased with an increase in the richness of the litter species.
Specifically, the lowest number of DGGE bands was always detected in pure oak litter (100), while the
5A:5B litter mixture had more DGGE bands than the 5SA:50 and 5B:50 litter mixtures. Meanwhile, the
number of DGGE bands in the 1B:8A:10 litter mixture was higher than that in the 3B:4A:30 litter
mixture except on day 240. In addition, the diversity reflected by the Shannon-Weaver indices
exhibited similar patterns as the variations in the DGGE bands. As can be seen in Figure 2,
accumulated mass loss was significantly positively correlated with DGGE band number (R> = 0.56,
p <0.001), which explained 56.14% of the variance in mass loss for all litter treatments.
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Figure 2. Linear relationships between the accumulated mass loss and the fungal DGGE
band numbers.

Table 4. Shannon-Wiener index (H), the richness of the DGGE bands (S) and mass loss
(M) (%) during the decomposition of the eight litter treatments.

Sampling Time (day)
Treatments
180 240 300 360
10A H 2.5 3.0 3.5 2.6
S 13 20 31 16
M 18.3 26.7 38.9 46.6
10B H 2.5 3.1 33 2.5
S 14 23 29 14
M 16.5 25.5 38.4 45.6
100 H 2.5 2.9 3.1 3.0
S 12 20 24 20
M 7.3 14.7 22.9 28.0
5A:5B H 3.0 33 3.2 3.2
S 20 29 23 25
M 21.6 40.8 45.3 54.4
5A:50 H 2.7 32 3.0 2.7
S 15 23 20 16
M 18.2 26.4 40.0 48.3
5B:50 H 2.7 3.0 3.2 2.9
S 16 21 25 18
M 13.9 22.0 32.5 39.5
1B:8A:10 H 3.2 3.2 34 3.1
S 24 24 32 24
M 23.6 42.5 47.6 54.5
3B:4A:30 H 3.0 34 34 2.9
S 22 31 30 19
M 20.4 39.5 43.5 52.6
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4. Discussion

Our data indicate that litter mixtures resulted in greater mass loss compared with pure litter
(Table 3). This occurred because litter mixtures with similar physical structures result in the greatest
synergistic effects on the mass loss of litter [46]. The presence of aspen litter increased the rate of
decomposition of the birch litter in the mixtures, while birch litter in this mixture increased the rate of
decomposition of the aspen litter in turn (Table 2). One potential mechanism for these interactions is
resource complementarity among litter species [47], since higher-quality litter decomposes easily and
then releases nutrient elements quickly, which could nourish microorganisms, increasing microbial
biomass and enriching the diversity of decomposer communities of microbes and detritivores [48,49].
For instance, through leaching or fungal hyphae and microbes, N from high N-containing litter could
be transferred to low N-containing litter, accelerating the decomposition of lower quality litter [50].
The other potential mechanism for these interactions is the improvement of micro-environmental
conditions and interactions across trophic levels, therefore stimulating the decomposition of leaf litter.
For example, a number of studies have found that microorganisms obtain energy from water soluble-C,
which results from litter decomposition, to grow and reproduce [51,52].

From a quantitative perspective, Ostrofsky [13] proposed that slowly decomposing oak litter would
decompose faster in the presence of aspen or birch litter with higher N concentrations. Contrary to this
hypothesis, we found that oak in the 5A:50 and 5B:50 litter mixtures was hardly affected by
neighboring species, while aspen and birch in these mixtures decomposed faster than the monocultures
(Table 2), resulting in an overall weaker positive non-additive effect in the mixtures (Figure 1).
Meanwhile, PCR-DGGE analysis indicated that the number of universal fungal DGGE bands was
lower in pure 100 litter than in the 5A:50 and 5B:50 litter mixtures (Table 4). This suggests that oak
litter is characterized by strongly lignified leaf tissue so as to form a high structural stability, which
could hamper further decomposition of leaf litter [53,54]. Similarly, Hoorens et al. found that rates of
decay of slowly decomposing species are rarely accelerated in mixtures but such species could inhibit
the decay of normally fast decomposing species [54]. By contrast, in our study, the rate of
decomposition of aspen or birch in the 5A:50 or 5B:50 litter mixture was faster than that of
monoculture aspen or birch leaf litter (Table 2). Alternatively, it could be also considered that the
decomposition of lignin from relatively fast-decomposing litter could initially benefit from enzymes
involved in lignin degradation in slow-decomposing litter [53,55].

In addition, the overall rate of decomposition did not increase with the increasing richness of the
litter species, which was in accordance with the changes in the number of universal fungal DGGE
bands. Meanwhile, in two types of 3-species litter mixtures, greater mass loss occurred in the
1B:8A:10 litter mixture compared with the 3B:4A:30 litter mixture (Table 2), which was positively
correlated with the number of universal fungal DGGE bands (Table 4). Although the richness of the
5A:5B litter mixture was lower than that of the 3B:4A:30 litter mixture, the rate of decomposition of
the SA:5B litter mixture was faster than that of the 3B:4A:30 litter mixture (Table 3). Similarly, the
richness of the 5A:50 and 5B:50 litter mixtures was higher than the 10A and 10B litter, but the rate of
decomposition of the 10A and 10B litter was faster than that of the SA:50 and 5B:50 litter mixtures
(Table 3). In summary, the presence and relative abundance of aspen determined the total rate of
decomposition of the litter mixture and the fungal diversity, which is in accordance with Wu’s finding
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that litter species identity and relative abundance are more important than richness in driving
decomposition dynamics of litter mixtures [29]. The potential mechanism is that the increases in the
litter substrate diversity and microhabitat complexity promote universal fungal diversity; therefore, the
litter mixture is decomposed more efficiently than monospecific litter [56]. However, the rate of
decomposition of the litter mixture still depends on the total quality of the litter mixture, e.g., the aspen
litter, with a relatively high N content but low C/N and lignin/N (Table 1), can nourish a greater
number of microbes, which enhance the overall decomposition rate in turn [29].

Our results indicate the positive non-additive effect of litter mixture changes over time
(Figure 1). Changes in NAE over time were determined by litter quality, decomposer community and
the temporal variations in the microclimate during the decomposition process [11,57]. At the end of the
study in autumn, leaching and decomposition of labile compounds in the litter mixture decreased so
that the activity of the microorganisms weakened with a reduction in temperature. In addition,
microorganism biomass and biological diversity decreased as the litter degraded with ongoing
incubation (Table 4), which contributed to the decrease in the magnitude of NAEs (Figure 1).
Lecerf et al. found that the magnitude of NAEs and the relative balance of positive and negative
effects of the same litter mixture would change over time [58]. Changes in NAE as a function of time
may have a substantial impact on biogeochemical cycling over the long term [29]. These studies
showed that this effect could be attributed to the complex process of litter decomposition, in which the
sequential presence and accumulation of various chemical compounds in litter mixtures may trigger
effects that either facilitate or inhibit decomposers at different temporal scales.

5. Conclusions

In summary, the mass losses of the litter mixtures were considerably greater than those of individual
litter, which were significantly positively correlated with the number of universal fungal DGGE bands.
Specifically, the presence and high relative abundance of aspen and birch litter stimulated the
decomposition of the litter mixture more efficiently than oak litter. Moreover, the magnitude of
the non-additive effects changed over time. The 5A:5B, 1B:8A:10 and 3B:4A:30 litter mixtures had a
synergistic effect on litter mixture, while the 5A:50 and 5B:50 litter mixtures had a nearly neutral
effect on litter mixture. Therefore, our assessment of the effect of leaf litter diversity on decomposition
and associated fungal assemblages, revealed that species composition and relative abundance were
more important than richness in driving the magnitude of non-additive effects of decomposition of
litter mixture.
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