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Abstract: The aim of this study was to investigate the potential mixing effects on degradation of lignin
and cellulose in mixed leaf litter from Pinus massoniana Lamb., Cupressus funebris Endl., and/or Quercus
variabilis Bl., and elucidate the interactions with abiotic factors. The litter bag method was used in
the field experiment, and the three predominant species in the Three Gorges Reservoir region were
treated as single-, pair-, and tri-species combinations with equal proportions of litter mass. Lignin
and cellulose losses in the litter treatments were measured, and the mixing effects were evaluated
based on the sampling phase and decomposition period. At the end of the one-year decomposition
period, mixing species increased lignin loss by 3.3% for the cypress + oak combination and cellulose
loss by 3.9%, 1.8%, and 0.8% for the pine + oak, cypress + oak, and pine + cypress + oak combinations,
respectively. The pine + oak and cypress + oak combinations exhibited greater lignin and cellulose
loss than the tri-species mixture. Accelerated lignin degradation also apparently occurred in the
pine + cypress combination as decomposition proceeded. Generalized linear models suggested that
the investigated environmental factors (in terms of average temperature and cumulative precipitation)
and changing litter quality (lignin, cellulose, and lignin/cellulose) had significant effects on nonadditive
lignin loss, whereas only the changing litter quality factors significantly affected nonadditive cellulose
loss. In summary, mixing two or three of the studied species alters cycling of recalcitrant substrates in
plantations, and mixed planting with Quercus appears to strengthen both the lignin and cellulose
degradation processes.

Keywords: Cupressus funebris Lamb.; lignin and cellulose degradation; nonadditive effect; Pinus
massoniana Endl.; Quercus variabilis Bl.

1. Introduction

As key components of forest ecosystems, tree leaf litter, deadwood, fine and coarse roots, as well
as non-woody litter from understory vegetation such as herbs and shrubs, have a strong influence
on the structures and material cycling of forest ecosystems [1]. However, leaf litter decomposition
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is a key ecological process in forest ecosystems [2], particularly in forest plantations, where nutrient
cycling is one limitation to establishing sustainable plantation ecosystems [3] and leaf litter production
accounted for a relatively high proportion of the total biomass of the ecosystem. As one of the most
abundant carbon sources in plant litter, cellulose exerts considerable control on the decomposition
process, and its degradation can dominate carbon fluxes as litter decomposition proceeds [4]. Moreover,
lignin is a recalcitrant component of the litter substrate and thus can exert considerable control over
the litter decomposition rate [5]. Therefore, thorough understanding of changes in lignin and cellulose
in decomposing litter is indispensable for better understanding soil carbon and nutrient cycling.

According to studies of single-litter decomposition, the lignin and cellulose degradation processes
in decomposing litter can be regulated by climate, litter quality, and decomposers in multiple forms
and through many processes [6-8]. In general, a greater lignin degradation rate often occurs in the later
stage of decomposition due to its recalcitrance as a substrate [9]. In addition, the cellulose degradation
rate increases during the later phase of litter decomposition according to the hypotheses of Berg and
McClaugherty [9] because the labile litter components in plant cell walls are surrounded by lignin.
However, a debate has also arisen regarding lignin and cellulose loss. Recent studies declared that a
greater loss rate can also be found during the early phase of decomposition due to microenvironmental
factors, such as hydrology [10], snow cover [4,5], and solar radiation [11], which can influence the
degradation process directly or indirectly. However, the effects of species mixing on lignin and cellulose
degradation have seldom been reported to date.

Heterogeneity in litter composition on the forest floor can also interact with the microclimate
to alter the decomposition environment, and in turn, influence lignin and cellulose degradation.
Theoretically, mixed litters consisting of different individual species with different chemical and
physical traits contribute to a heterogeneous microenvironment and food resources [12]. Accordingly,
the physical abrasion or breakdown of litter is complex and involves diverse processes [13]. Scarce
materials may be transferred from nutrient-rich litter to nutrient-poor litter by decomposers (i.e., via the
fungal mycelial process) [14-16], thereby contributing to litter decomposition. It is therefore important
to select species with readily decomposable litter to promote the decomposition of more recalcitrant
species in litter mixtures [17,18]. In contrast, component species with specific substrates, such as
tannins and polyphenols, may cause antagonism for decomposition [19-21]. However, little attention
has been paid to lignin and cellulose degradation in leaf litter driven by species mixing under the
scenario of mixed plantation development.

Masson pine (Pinus massoniana Lamb.), cypress (Cupressus funebris Endl.), and oak (Quercus
variabilis Bl.) have been the main species of developed plantation forests in Three Gorges Reservoir area,
China [22]. Forest managers practically implement mixed planting with two of the three species or with
all three species to ensure sustainable development of plantations [23]. Relevant research in this area
has documented the characteristics of the mass loss rate and nutrient release (i.e., carbon, nitrogen and
phosphorus) from monospecific and mixed litters among these species [23-25]. These studies revealed
slow decomposition of cypress and Masson pine litter because of their low litter quality and further
declared that mixed afforestation of the three predominant tree species facilitated litter decomposition
for each species. In particular, the ability of oak to improve the nutrient cycling associated with litter
mixture decomposition makes it a preferential tree species for mixed planting with cypress and Masson
pine. However, the simultaneous degradation process of recalcitrant materials has not been addressed
to date, which may preclude generalizations. In this paper, we report the mixing effects on lignin
and cellulose degradation based on a whole-year field litter decomposition experiment (published
in Zeng et al. [25]) using the three species under seven treatments (with equal mass proportions of
single-, pair-, and tri-species combinations of Masson pine, cypress, and oak litter). Given the superior
characteristics of the litter quality of oak species, we hypothesized that oak species would facilitate
lignin and cellulose degradation in the litter mixtures.

To test this hypothesis, the degradation rates of lignin and cellulose in litter treatments from
the three predominant afforestation trees with wide variation in litter quality were measured every



Forests 2019, 10, 360 3of 14

60 days for one year. We focused on determining (1) whether effects of tree mixing on the loss of
lignin and cellulose existed during decomposition and, if they existed, (2) how the degree of changing
litter quality and environmental hydrothermal dynamics influenced the mixing effect on lignin and
cellulose loss. The results will be valuable and will provide theoretical suggestions for plantation
management of multiple tree species with regard to degradation of recalcitrant materials in the Three
Gorges Reservoir area of China.

2. Materials and Methods

2.1. Study Site and Experimental Design

The field litter bag experiment was carried out in a representative Masson pine (Pinus massoniana)
forest in the Three Gorges Reservoir area of China (in Zigui County, 110°00’-111°18’ E, 30°38’-31°11" N,
362 ma.s.l. (above sea level)). The annual average temperature is 18 °C, with maximum and minimum
temperatures of 44 °C and —2.5 °C, respectively. The annual sunshine time is 1620 h; the relative
air humidity is 77%; and the number of frost-free days ranges from 300 to 340. Approximately 75%
(1000 to 1025 mm) of annual precipitation occurs from April to September. Local trees are dominated
by Pinus massoniana Lamb., Cupressus funebris Endl. and Quercus variabilis Bl.. Cunninghamia lanceolata
(Lamb.) Hook. and Pinus tabuliformis Carr. are also common. The understory shrubs are dominated by
Camellia oleifera Abel., Loropetalum chinense var. rubrum Yieh, Viburnum erosum Thunb., Echinochloa
crusgalli (L.) Beauv., Dicranopteris linearis (Burm.) Underw., and other species. Soils are dominated by
yellow and/or brown soil. The aim of this study was to assess the potential nonadditive effects of tree
species mixing on litter lignin and cellulose degradation during decomposition. The full descriptive
details of the study site were published in Zeng et al. [25], and the experiments were performed in
three replicate plots (5 X 5 m) that were located at least 200 m from one another within the Masson
pine forest (Figure 1).

110°55°E, 30°51'N, 280 m a.s.1

Figure 1. Study region in the Three Gorges Reservoir area of China and the experimental layout
showing the litter bag distribution in the selected Masson pine (Pinus massoniana Lamb.) forest.

2.2. Litter Processing

Newly shed leaves from Masson pine (Pinus massoniana), cypress (Cupressus funebris), and oak
(Quercus variabilis) were collected from the floor of the natural forest in November 2014 and air-dried for
two weeks at room temperature. Then, 15.0 g of air-dried litter samples for each treatment were placed
in prepared nylon litterbags (15 cm X 15 cm, 1 mm mesh size) and sealed. The treatment combinations
were as follows: Individual litter bags for Masson pine, cypress, and oak; pairwise combinations
of the three species (i.e., pine + cypress, pine + oak, and cypress + oak, 7.5 g for each component
species); and a combination of all three species (pine + cypress + oak, 5 g for each component species).
In addition, we weighed three replicates of 10-g air-dried samples for each species, oven-dried the
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samples at 65 °C for 48 h to calculate the moisture correction factor and then analyzed their initial
elemental concentrations (Table S1).

To avoid the “home-field” advantage [26,27] and differences in the initial microbial compositions,
we collected topsoil from the 0-10 cm layer of the three natural forests from which the litters were
collected. After the coarse materials were removed, these soils were mixed, sieved (2-mm sieve), and
used to fill plastic pots (with holes at bottom) that were 15 cm (diameter) X 20 cm (height). The basic
soil properties were as follows: pH, 4.65 + 0.02; organic C (carbon), 22.42 + 0.20 g kg~!; total N
(nitrogen), 0.75 + 0.01 g kg™!; total P (phosphorus), 0.25 + 0.01 g kg™!; and available P, 5.00 + 0.20 mg
kg™!. On 6 December 2014, a total of 378 plastic pots with litterbags (7 litter treatments X 3 plots x
3 replicates X 6 sampling events) were randomly placed in the established experimental plots (prepared
litter bags containing air-dried litter were randomly placed on the topsoil in plastic pots at one bag per
pot). To exclude litterfall from the standing forest, we placed nylon gauze over the experimental plots
(a detailed report can be found in the Zeng et al. [25]).

2.3. Sampling and Microenvironmental Measurements

To quantify the temporal mixture effects and the relationships between the changing litter
substrates and microenvironmental factors, we sampled the litterbags six times at 60-day intervals
during the year-long incubation. Temperature and precipitation data were collected from local weather

station (Figure 2).
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Figure 2. Dynamics of the daily average atmospheric temperature (T,, red line) and precipitation
(PPT, blue column) from 6 December 2014, to 30 November 2015 (totaling 360 days of exposure, the data
are from the local weather station located in Zigui County). The x-axis shows the decomposition time

in days, with the time of litterbag placement as day 0.

2.4. Analyses and Calculations

After removal of foreign materials from the litterbags, the retrieved litter was oven dried at 65 °C
to a constant mass and weighed. The oven-dried samples were ground in a mill with a 0.3-mm mesh
screen to measure the lignin and cellulose concentrations. The acid detergent lignin and cellulose
concentrations in the powdered leaf litter from both the initial and retrieved samples were determined
according to the acid detergent lignin method [28], with some modifications (the detailed modification
steps can be found in our previous study by He et al. [5]).
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To characterize the dynamics of environmental factors, we calculated the average temperature
(AT) and cumulative precipitation from the daily mean temperatures and precipitation (Table S2) for
each phase (defined as the duration between the current and previous sampling dates) [4]. The loss of
lignin and cellulose (L) in each phase during decomposition was calculated as

Li(%) = (Cr1) - Ci)/Cio 1)

where C(;_1) and C; represent the lignin or cellulose content on the current and previous sampling
dates, respectively, and Cy is the initial lignin or cellulose content. The cumulative lignin or cellulose
loss with the decomposition time was the sum of the corresponding values in the different phases [25].

To assess nonadditive effects, the expected loss (EL, calculated from loss characteristic of component
for single-species) of the litter mixtures was calculated as the following [29]:

ELi{(%) = (Lat+ ...+ Lu)/N )

where N is the number of species in the mixture and L, is the measured lignin or cellulose loss in the
bag containing only the nth species.

2.5. Statistical Analyses

An independent t-test with an alpha level of 0.05 was used to determine the difference between
the observed and expected values for loss of lignin and cellulose. Mixing effects were classified as
nonadditive effects when significant difference occurred between the observed and expected values,
otherwise the additive effect was determined (when there is no significant difference between the
two kind of values) [30]. In the current study, an observed value greater than the expected value
represented a positive nonadditive effect (synergistic effect), whereas an observed value less than the
expected value represented a negative nonadditive effect (antagonistic effect).

Detailed post hoc mean comparisons of significant differences in the litter variables among
treatments were performed using Tukey’s HSD after the general ANOVA hypothesis was verified.
The sampling time and a nested factor of litter mixture treatments served as fixed factors and were
input into the univariate ANOVA, and a nested model of general linear models was used to examine
the effects of the two factors on the loss of lignin and cellulose over time. In addition, a univariate
regression analysis was performed with dynamics of chemical traits or abiotic factors as predictor
variables and lignin or cellulose loss in different phases as a response variable. A stepwise linear
regression analysis was conducted to examine the main factors (changing chemical traits or abiotic
factors) that influenced the nonadditive loss of lignin and cellulose, and the best general linear model
was selected according to the lowest Akaike information criterion (AIC) value [31]. The statistical
Product and Service Solutions program (SPSS 21.0 for Windows; SPSS Inc., Chicago, IL, USA) and R
(R Development Core Team, 2015, http://www.R-project.org/) were used to perform all analyses.

3. Results

3.1. Effects on the Lignin and Cellulose Concentrations

The lignin concentrations tended to increase during the year-long incubation regardless of the
litter treatment (Figure 3a,c). Conversely, the cellulose concentrations decreased during the first 60 days
in all litter treatments and then exhibited a minor increase as decomposition proceeded (Figure 3b,d).
However, for all mixtures, the lignin and cellulose concentrations were not lower than the lowest
values or higher than the highest values for the treatments of single-species litter.
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Figure 3. Exponential regression of the lignin concentration (a,c) and cellulose concentration (b,d) for
the treatments (Pine + Cypress, Pinus massoniana + Cupressus funebris; Pine + Oak, Pinus massoniana +
Quercus variabilis; and so on) against the decomposition time (mean + SE, n = 3).

3.2. Effects on Lignin and Cellulose Loss

At the end of the 360 day decomposition period, the loss of lignin and cellulose from all treatments
ranged from 16.0% to 34.5% and from 51.8% to 70.1%, respectively (Figure 4a—d). Compared with the
highest loss values from the single treatments (oak litter), the mixing effect increased lignin loss by
3.3% for the cypress + oak combination and cellulose loss by 3.9%, 1.8%, and 0.8% for the pine + oak,
cypress + oak, and pine + cypress + oak combinations, respectively.

Over the course of decomposition, negative values for lignin loss (accumulation) were observed
in all treatments in the early phase of this study, although a loss pattern was shown for the entire year.
In contrast, cellulose showed a relatively consistent loss pattern. Lignin was significantly lost from oak
litter for the entire year and after 300 days of incubation (F = 45.0 to 48.0, p < 0.001), but showed a
greater loss from Masson pine or cypress litter before 300 days of incubation. A similar tendency was
detected for cellulose loss, whereas the largest values in oak litter were found after 180 days (F = 5.4 to
16.2, p < 0.05). Compared with the other mixtures, the pine + cypress combination had considerable
lignin loss that continued to 240 days of incubation (F = 13.6 to 32.5, p < 0.01) and then displayed the
lowest value among the mixtures (F = 4.2 to 19.8, p < 0.05). Moreover, the lignin loss in the pine + oak
or cypress + oak combination was greater than that in the pine + cypress + oak combination at the end
of the study. Similarly, the cellulose loss was mostly lowest in the pine + cypress combination (F = 5.7
to 41.3, p < 0.05), whereas the losses in the pine + oak and cypress + oak combinations were greater
than those in the pine + cypress + oak combination after incubation for 120 days. In addition, lignin
loss in the pine + cypress combination was higher than that in the litter of either of the two single
species as decomposition proceeded.

A comparison of decomposition among the different phases showed that the greatest lignin
accumulation and cellulose loss occurred during the first 60 days of incubation regardless of the
treatment. Apparent losses of both lignin and cellulose also occurred from 181-240 days. Across
the entire experimental period, lignin and cellulose losses from the litter of both the single species
and the mixtures were significantly correlated with changes in the litter quality based on lignin,
cellulose, lignin/cellulose, and environmental factors, such as the average temperature and cumulative
precipitation (except for the effect of average temperature on cellulose loss) (Table 1).
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Figure 4. Lignin loss (a,c) and cellulose loss (b,d) for monospecific and mixed leaf litter of Masson
pine (Pinus massoniana), cypress (Cupressus funebris), and oak (Quercus variabilis) during decomposition
(mean + SE, n = 3). Treatments: Pine + Cypress, Pinus massoniana + Cupressus funebris; Pine + Oak,
Pinus massoniana + Quercus variabilis; and so on. Two-way ANOVA (the litter mixture treatment was
treated as a nested factor) indicates significant effects of the litter mixture treatment (Fg g4) = 29.060
to 44.549, p < 0.001) and decomposition time (F(3584) = 75.017 to 134.210, p < 0.001) on the lignin and
cellulose loss rates. Differences between the observed and expected values for given variables are
shown in (e) and (f), where a positive value indicates an observed value > the expected value and
vice versa. Statistical significance level for comparisons between the observed and expected values:
*** p<0.001, *, p <0.01 and *, p < 0.05. Inset values indicate the proportion of the corresponding
significant interactions (synergistic and antagonistic interactions lie above and below the zero line,
respectively) for a total of 24 cases.

Table 1. Regression analyses of changing chemical traits and environmental factors and loss of lignin
and cellulose in litter (%, per phase) of the single-species treatments (A) and mixtures (B).

L. i Cumulative
Index Lignin Cellulose Lignin/Cellulose Average Temperature Precipitation
) Lignin loss (+) 11.733 ** (0.184) (-) 6.570 * (0.112) (+) 9.773 ** (0.158) (+) 8.106 ** (0.135) (+) 12.794 ** (0.197)
Cellulose loss () 6.984 * (0.118) (+) 13.978 ***(0.212)  (—) 14.850 *** (0.222) 0.931 (0.018) () 4.944 * (0.087)
®) Lignin loss (+) 16.690 *** (0.193)  (—) 15.983 *** (0.186)  (+) 26.476 *** (0.274)  (+) 31.202 *** (0. 083)  (+) 37.041 *** (0.346)
Cellulose loss  (—) 21.477 *** (0.235)  (+) 45.747 *** (0.395)  (-) 66.224 *** (0.486) 0.520 (0.007) (=) 5.325*(0.071)

Values are the F-value and determination coefficient (R?, in parentheses) for regression analysis with loss rate as the
response variable and changes in chemical traits or environmental factors as predictor variables over the 360-day
decomposition experiment. (+) or (-), significance: * p < 0.05; ** p < 0.01; *** p < 0.001; n = 54 (A); n = 72 (B).
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3.3. Synergism and Antagonism in the Litter Mixtures

For all tested mixtures (over the incubation time), an immediate positive nonadditive effect
(significant synergistic interaction) on lignin loss was found for the cypress+ oak combination during
the first 60 days of incubation (Figure 4e). In addition, positive nonadditive effects on lignin loss
regardless of the species treatments were found over the later decomposition phases and accounted for
54.2% (13 of 24 cases) of the cases. Only two cases of antagonistic interactions were detected during
the first 120 days. A quarter of all cases representing positive nonadditive effects on cellulose loss were
found after 240 days of decomposition (Figure 4f).

In all tested mixtures (with six sampled phases), a decrease in the incidence of nonadditive effects
was detected for both lignin and cellulose loss as compared to incubation time (Figure 5). Significant
synergistic and antagonistic interactions accounted for 29.2% and 12.5% of all cases of lignin loss,
whereas the corresponding values for cellulose loss were 8.3% and 4.2%, respectively (seven and two
of 24 cases and two and one of 24 cases, respectively). Path analysis revealed that the mixing effects on
lignin loss were strongly correlated with environmental factors (average temperature and cumulative
precipitation) and changing litter quality in terms of lignin, cellulose, and lignin/cellulose, whereas
the effects on cellulose loss were only strongly correlated with the changing litter quality (Table 2;
Figure 6).
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Figure 5. Mixing effects of treatments on lignin (a) and cellulose (b) losses during the different
decomposition phases. Values are the mean + SE (n = 3). Treatments: Pine + Cypress, Pinus massoniana +
Cupressus funebris; Pine + Oak, Pinus massoniana + Quercus variabilis; and so on. A positive value indicates
an observed value > the expected value, and vice versa. Statistical significance level: ***, p < 0.001;
**,p <0.01;* p <0.05. Inset values indicate the proportion of the corresponding significant interactions
(synergistic and antagonistic interactions lie above and below the zero line, respectively) for a total of
24 cases. Treatments: P. + C., P. massoniana + C. funebris; P. + Q., P. massoniana + Q. variabilis; and so on.
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Table 2. Summary of the generalized linear models for the effects of changing litter quality and
environmental factors on the nonadditive loss of lignin and cellulose.

Best Model AIC
Nonadditive lignin loss = Lignin — Cellulose * — Lignin/Cellulose * +
e . O ew 186.77
Average Temperature + Cumulative Precipitation
Nonadditive cellulose loss = Lignin — Cellulose * — Lignin/Cellulose * 272.25

AIC, Akaike information criterion. We used model selection to evaluate the models that were lowest finite
sample-corrected, and AIC was used to select the best model [31]. Wald Chi-square p-values for model-term effects:
*** p < 0.001; * p < 0.05; no asterisk p > 0.05.

Average Temperature

1.796 "

1 73"

Cumulative Precipitation

,r4| Mixing Effects on Lignin Loss

Lignin 1.533

Cellulose <+ Mixing Effects on Cellulose Loss

Lignin/Cellulose P

Figure 6. Path diagram showing the relationships among changing chemical traits and environmental
factors and the mixing effects on lignin and cellulose loss. Line widths indicate the relative strengths of
the paths. Solid and broken lines represent positive and negative effects, respectively. Significance:
*p < 0.05; ** p < 0.01; ** p < 0.001.

4. Discussion

Assessing decomposition process of tree leaf litter is crucial for understanding the ecological
process of nutrient cycling in forest ecosystems where leaf litter production accounts for a large
proportion of the biomass relative to other litter pools, such as deadwood, roots, and non-wood
litter of the ecosystem. Litter decomposition is a complex and successive process, and changes in
the component chemical substrates are highly diverse and can significantly influence the subsequent
decomposition rate [9]. In our study, the lignin concentration showed a consistent increase during
the one-year experiment (Figure 3a,c), which was consistent with the classical theory that lignin
was a recalcitrant material in litter compared to other substrates [32]. The obvious increasing lignin
concentration in the litter during decomposition is due to other labile materials, which have relatively
rapid loss rates. More importantly, regardless of the use of monospecific or mixed litters, we found that
lignin accumulation occurred during the course of litter decomposition when the lignin concentration
was lower than 30% (Figures 3a,c and 4a,c). This finding coincided with the mechanisms proposed
by McClaugherty and Berg [33], who declared that a decrease in the absolute lignin content occurred
for litter species with a lignin concentration greater than 30%. The results further suggested that the
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potential nonadditive direction (accumulation or loss) for lignin dynamics during degradation was also
regulated by the litter quality in the mixture. Moreover, more cellulose than lignin was lost in the litter
during decomposition, although the fluctuation in the cellulose concentration was minor compared
to that in the lignin concentration (Figure 3b,d). Reports indicated that a rich microbial community
may be supported by the availability of soluble materials in leaf litter during the early phase of litter
decomposition [34], which further facilitates the degradation process. As a result, the greatest lignin
accumulation and cellulose loss were both detected during the first 60 days of decomposition.

In our study, we observed a greater loss of both lignin and cellulose in oak litter as decomposition
proceeded (Figure 4a,b). Litter quality has long been considered one of the most important factors
influencing the decomposition rate in a given ecosystem [35-38]. This finding is consistent with
the current consensus that oak, with its superior litter quality characteristics, can display a rapid
decomposition rate [25]. However, the hypothesis that oak species can accelerate lignin and cellulose
degradation in litter mixtures due to its superior decay characteristics was only partly supported by
our results. We only observed increased lignin loss in the cypress + oak combination and increased
cellulose loss in the pine + oak, cypress + oak, and pine + cypress + oak combinations at the end
of the study (Figure 4c,d). The underlying mechanism of the nonadditive effect in litter mixtures
contributes to the changes in nutrient availability and the total litter surface physical characteristics [39].
The superior chemical and physical diversities disappear as decomposition proceeds due to loss of
labile components and destruction of the litter shape during early rapid decomposition [9]. From
this point, nonadditive interactions may occur for the pine + cypress combination for both lignin and
cellulose loss and the pine + oak and pine + cypress + oak combinations for lignin degradation during
the subsequent stage of decomposition [15,29]. In addition, although the strategy of placing litter bags
in the plastic pots could control the influence of species interactions on mixing effects well, limitation
on the exchange of soil moisture may occur, which may influence the decomposition process [9].
However, our results clearly suggest that mixed planting with oak in the Three Gorges Reservoir area
can stimulate lignin and cellulose degradation in mixed plantations during the first-year incubation.

Interestingly, we detected more lignin and cellulose loss in the pine + oak and cypress + oak
combinations than in the pine + cypress + oak combination (Figure 4c,d). A number of studies indicated
that the species composition regulates the mixing effects in mixed litter [12,40], whereas others hold
that species richness exerts a significant influence on the nonadditive effects [41,42]. Based on the
extent of admixture of oak litter, our results further proved that the species composition had a greater
effect on the loss of litter lignin and cellulose in mixed plantations of the three predominant species
in the Three Gorges Reservoir area of China. In addition, during the incubation period, nonadditive
effect can occur in one of the three two-species litter mixtures as long as it occurred in the three-species
combination at the same incubation time, while the opposite may not occur (Figure 4b,d). As a result,
magnitude of nonadditive loss in mixed litter decomposition appears to rely more on the species
composition than on the species richness. The superior characteristic of abundant soluble materials in
mixed litter associated with reasonable biotic activities can explain the underlying mechanism [16,43].
Furthermore, although Norby and Kozlowski [44] and Kil and Yim [45] argued that coniferous litters
released more allelopathic compounds, we observed accelerated lignin loss in the mixture of two
coniferous species. A previous theory declared that mixing litter could reduce the relative content
of allelopathic compounds per unit mass of mixed litter [46], which might result in an accelerated
decomposition process. Our findings supported the finding of a “dilution effect” for lignin degradation
in the Three Gorges Reservoir area of China from the two coniferous afforestation species.

Previous studies also suggested that the decomposition time or duration strongly influenced the
effects of biodiversity on biogeochemical cycling [12,15,47]. In our study, the incidence of nonadditive
effects on both lignin and cellulose loss decreased when we compared the decomposition phase to
decomposition over time (Figure 4e,f and Figure 5). The decreased incidence of nonadditive effects
on lignin and cellulose loss during the decomposition phases indicated that the relative difficulty in
degrading these materials induced less frequent facilitative and inhibitory mechanisms over the short
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course of decomposition. In line with previous hypotheses that a group of complex and recalcitrant
materials could serve as a structural barrier in plant cell walls and impede the release of labile
components from litter [11], the path analysis in the present experiment revealed that the dynamics of
the litter lignin concentration could significantly affect nonadditive cellulose loss (Table 2; Figure 6).
This result also supports the consensus that the incubation time is an important factor for litter
lignin and cellulose degradation, which can further influence the nonadditive degradation process.
In addition to the changing litter quality, microenvironmental factors have long been recognized as a
major driver of litter decomposition because they can vary significantly over time [35,48]. However,
the current study showed that the investigated environmental factors (average temperature and
cumulative precipitation) only obviously affected the mixing effect on lignin degradation (Table 2;
Figure 6). A previous study revealed that the photodegradation process of lignin was a pivotal
pathway for lignin degradation in litter [11]. The current study further suggests that the abiotic factor
of temperature, which is an index accompanied by the solar radiation intensity, quite likely plays a
major role in photodegradative losses of lignin, and thus, profoundly influences nonadditive lignin
loss during mixture decomposition. In contrast, because temperature and moisture are essential to
the leaf litter decomposition process [48], the finding of an opposite trend in the interactions affecting
cellulose loss (no significant influence of environmental factors on nonadditive cellulose degradation,
Table 2; Figure 6) might be due to interactions among other litter traits or species-species interactions of
the component single species that masked the synergistic and antagonistic processes and showed net
additive or nonadditive cellulose losses [19]. Thus, no apparent relationship was exhibited between
the investigated environmental factors and nonadditive cellulose loss in the current study.

5. Conclusions

Assessing lignin and cellulose degradation dynamics during litter mixture decomposition
associated with predominant afforestation trees furthers our understanding and provides important
information for scientific management of recalcitrant substrates in these plantation ecosystems.
This information is also helpful for the selection of tree species with regards to recalcitrant materials
cycling to establish sustainable plantation ecosystems. The results obtained in this in situ experiment
in the Three Gorges Reservoir area clearly showed that mixing litter from Masson pine, cypress and
oak trees could alter the dynamics of lignin and cellulose loss and induce nonadditive effects as
decomposition proceeded. Our results confirmed the nonadditive lignin loss in the cypress + oak
combination and nonadditive cellulose loss in the pine + oak, cypress + oak, and pine + cypress + oak
combinations. These results indicated that litter quality was the key factor influencing nonadditive
lignin and cellulose loss. Moreover, accelerated lignin degradation was found in the pine + cypress
combination, and the absolute lignin and cellulose losses in the pine + oak and cypress + oak
combinations were greater than those in the pine + cypress + oak combination. These findings further
suggest that the magnitude of nonadditive loss in mixed litter decomposition relies more on the
species composition than on the species richness. Accordingly, broad-leaf species (such as Q. variabilis)
apparently are preferential tree species that are suitable for mixed planting with coniferous species
(such as P. massoniana and C. funebris in the study area) because of the superior characteristics of the
litter quality, which likely contributes to lignin and cellulose degradation, thereby beneficial for the
release of elements bound in litter. In addition, we confirmed the degree of effects of the investigated
environmental factors and changing litter quality in terms of the average temperature, cumulative
precipitation, lignin concentration, cellulose concentration and lignin/cellulose on nonadditive lignin
and cellulose degradation. Fallaciously, the current study exhibited no relationship between the
investigated environmental factors and nonadditive cellulose loss. Thus, species-species interactions
or interactions among other litter traits may have masked the synergistic and antagonistic processes
that induced the net abiotic affects. Further complementary work should consider decomposition
dynamics directly on the mixed forest floor, the realistic mass ratio of natural litter components and
the species-species interactions among the components in combination.
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