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Abstract To understand the decomposition characteristics
of Pinus massoniana foliar litter and the degradation of its
refractory compounds in plantations under five canopy
densities, a litter bag experiment over a decomposition
time of 392 days was carried out. The results show that
canopy density significantly affected decomposition rates
of litter and degradation rate of lignin and cellulose. Litter
decomposition rates decreased significantly with decreas-
ing canopy density. Both lignin and cellulose degradation
rates were lower with canopy densities of 0.62 and 0.74 as
compared with the three other densities. Lignin and cel-
lulose losses were more rapid in the first 118 days. Soil
fauna had significant impacts on litter decomposition and
the degradation of refractory compounds. Canopy density
had significant effects on factors such as soil properties and
soil fauna community structure, which could be conducive
to the decomposition of litter and the degradation of litter
recalcitrant components. Canopy density between 0.6 and
0.7 might be a favorable management practice promoting
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litter decomposition and beneficial for the sustainable
development of P. massoniana plantations.
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Introduction

Litter decomposition is one of the most important ecolog-
ical processes contributing to nutrient cycling in forests,
and an important link between the material cycle and
energy flows (Berg and McClaugherty 2008; Herman et al.
2008).Litter decomposition includes easily decomposed
components as well as material resistant to decomposition.
The early stages of decomposition of foliar litter is pre-
dominantly a fast, physical leaching process (Wu et al.
2010) during which water-soluble components and a small
amount of labile organic components are degraded (Cou-
teaux et al. 1995). During the late stages, decomposition is
mainly by biodegradation. Organic components that are
difficult to break down (lignin, cellulose) begin to
decompose (Berg and McClaugherty 2008). Decomposi-
tion of recalcitrant or persistent components is a key pro-
cess in the turnover and cycling of nutrients in forest
ecosystems, which also control the decomposition rate and
percentage (Schwarz 2001; Rahman et al. 2013). Com-
pared with broad-leaved tree species, the needles of con-
ifers contain more recalcitrant secondary metabolites such
as cellulose, hemicelluloses, lignin, and tannins (Guo et al.
2009).

Canopy density, an important factor that reflects the
forest environment and structure (Li et al. 2008), has a
significant influence on understory plant diversity, soil
biota community structure, and understory environmental

@ Springer


http://www.springerlink.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11676-018-0715-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11676-018-0715-5&amp;domain=pdf
https://doi.org/10.1007/s11676-018-0715-5

1396

J. Zhang et al.

heterogeneity (Flukes et al. 2014). Canopy openness is a
major driver of species composition due to its correlation
with the amount of light that can penetrate to the under-
story (Battaglia et al. 2002), thus affecting plant diversity,
litter decomposition, and soil microbial community struc-
ture, all of which affect forest structure and function
(Hossain and Sugiyama 2011). Although forest manage-
ment and ecological research associated with canopy den-
sity has recently gained more attention (Zhou et al. 2013;
Madsen and Larsen 1996; Liu et al. 2011; Fu et al. 2014),
there remains a scarcity of information on litter decom-
position characteristics in plantations related to canopy
density.

Pinus massoniana Lamb, one of the most widely dis-
tributed conifers in the low mountainous regions in the
upper and middle Yangtze River areas in China, has
become the most important coniferous plantation species
due to its fast growth and environmental adaptability.
P. massoniana plantations cover more than two million ha
and occupy a large proportion of the plantation forests in
China (SFA 2013). However, due to monoculture man-
agement over large areas and unreasonable harvest meth-
ods, P. massoniana plantations have generated a series of
ecological problems such as low productivity (Shen 1995),
soil degradation (Tan et al. 2013), pests and diseases (Tong
et al. 2014), and lower biodiversity (Cui et al. 2014).
Therefore, more effective management practices of these
plantations are needed to ensure their sustainable devel-
opment. At present, plantation management includes thin-
ning and tending (Tsai et al. 2011; Lin et al. 2010),
producing forest gaps (Zhang et al. 2015), and density
control (Wang 2012). Limited information is available on
the effects of canopy density on forest ecosystem
processes.

The purpose of this study was to assess the character-
istics of litter degradation and its two recalcitrant compo-
nents, lignin and cellulose, over a 392-day period in
plantations with different canopy densities Additionally,
we aimed to identify a favorable canopy density that would
facilitate the decomposition of litter and hypothesized that
litter degradation changes significantly under various
canopy densities. Intermediate canopy density might be
favorable for litter degradation including the degradation of
recalcitrant compounds. This study will provide insight
into nutrient cycling processes in plantations when con-
trolling canopy density.
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Materials and methods
Study site

The site was located in Maodianao forest compartment VI,
Forest Management in Laifu Town, Gaoxian County, Yibin
City, Sichuan Province (104°21'-104°48'E, 28°11'-
28°47'N; Fig. 1) with altitudes of 412 masl to 567 masl.
The region experiences a subtropical humid monsoon cli-
mate with abundant rainfall and a hot rainy season with an
annual average temperature of 18.1 °C. Annual average
rainfall is 1021.8 mm with a clear distinction between
rainy and dry seasons. Abundant rainfall occurs from June
to November with less between January to April (Zhang
et al. 2014). Relative humidity is often more than 80% and
the annual duration of sunshine is 1148 h. The soil is a
mountain yellow soil and the bedrock is yellow sandstone.

Experimental design

An 1l1-year-old P. massoniana plantation with a canopy
density of 0.91 and 1.5 m spacing was the basis for the
canopy control experiment. Canopy densities were deter-
mined using a CI-110 instrument along a test square within
each site. By thinning the stems and branches, a canopy
density gradient was created with densities of 0.91 (A),
0.83 (B), 0.74 (C), 0.62 (D), and 0.49 (E). Each density
gradient had three sample sites (Fig. 1). The area of each
site was 20 m x 20 m, the distance between sites 10 m,
and the distance from the sampling site to the edge of the
forest 10 m. To ensure site densities were maintained,
branches were thinned when required. After controlling the
canopy density, a descriptive survey of the sampling sites
was undertaken in June 2014 (Table 1). Soil physical and
chemical properties were also determined.

Litter decomposition

In June 2014, recently fallen needles of P. massoniana
were collected from the forest floor under the site with a
canopy density of 0.91. The needles were air-dried at room
temperature for more than 2 weeks before being oven-
dried at 65 °C for 48 h to determine air-dried and oven-
dried needle mass ratio. This ratio was used to convert the
initial air-dried mass to its oven-dried mass (He et al.
2015). Subsamples of the needles were ground, sieved at
0.2 mm, and analyzed to determine the initial quality of the
litter (Table 2). Samples (10 g of dry weight) were put in
20 x 20 cm nylon bags with 0.5 mm mesh on each side,
and placed on the sampling sites at the end of June 2014 to
quantify foliar litter, lignin and cellulose degradation. The
900 bags were placed on the forest floor from the center of
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Fig. 1 Three sites per plot
density (A, Ay, Aj) were
selected as replicates. The area
of each canopy density site was
a standard 20 x 20 m, the
distance between sites 10 m,
and the distance from the site to
the edge of the forest 10 m

Sample Plot
(28*11°-28M7°N, 104%8°E, 412-567masl)

Yibin

Total area of sample plot is 2.86 ba

Table 1 Description of sampling sites, soil physical and chemical properties (mean £ SE, n = 3)

Plantation Altitude Slope/ Slope Aspect Mean diameter at breast height Moisture content Soil pH
plots (m) ©) location (cm) (%)
A 453.4 29 Mid-slope SE 10.16 £+ 2.81 22.98 £ 1.08a 3.98 £ 0.03b
B 457.2 30 Mid-slope SE 10.16 £+ 1.99 20.23 £+ 1.10ab 4.00 £+ 0.01b
C 462.9 29 Mid-slope SE 10.38 £+ 1.82 21.90 £+ 1.23ab 3.97 £ 0.01bc
D 453.6 26 Mid-slope SE 10.87 £+ 2.30 19.64 £ 0.29b 4.08 £ 0.03a
E 483.6 30 Mid-slope SW 11.56 £ 2.04 20.00 £ 0.56b 391 £ 0.01c
Plantation ~ Soil bulk Carbon Nitrogen Phosphorus Temperature in Soil faunal Soil faunal
plots density (g kg_l) (g kg_l) (g kg_l) ambient foliar Shannon individual density

(g cm ™) litterbags diversity index (ind m~?)
A 1.37 £0.04 16.07 £ 0.88a 1.03 + 0.04a 0.2 £ 0.0lac  17.16 & 0.07b 1.66 £ 0.15a 105,769.01 + 0.11a
B 1.36 £ 0.60 12.64 £0.92b 0.73 £ 0.03c  0.17 £ 0.02bc  17.39 £ 0.04ab 1.63 £ 0.18ab 88,451.94 £ 0.21b
C 1.36 £ 0.05 15.67 &£ 1.33ab 0.94 + 0.04ab 0.24 £ 0.02a  17.35 £ 0.06ab 1.63 £ 0.27ab 90,541.81 £ 0.15ab
D 1.39 £ 0.04 1256 £ 1.23b 0.77 £ 0.03¢c  0.15 £ 0.01b  17.34 £ 0.03ab 1.57 £ 0.30b 82,639.31 £ 0.16b
E 1.31 £0.05 1792 £046a 091 +£0.04b 0.15 £ 0.01b  17.80 £+ 0.03a 1.63 £ 0.21ab 85,500.97 £ 0.16b

Different lowercase letters indicate a significant difference between species within the same variable (independent samples t test, P < 0.05)

Canopy density of A (0.91 £ 0.02, average of A;, A,, Az). Canopy density of B (0.83 £ 0.05, average of B;, B,, B3), Canopy density of C
(0.74 £ 0.02, average of C;, C,, C3), Canopy density of D (0.62 £ 0.01, average of D;, D,, D3), Canopy density of E (0.49 £ 0.08, average of

E;, E,, E3); SE: southeast, SW: southwest. These data were measured after controlling the canopy density for 392 days

the site to the edge (60 bags per site). Each site had five
litter bag positions (center, east, west, north and south
edges) at intervals of 3 m to ensure adequate micro-envi-
ronmental conditions. A 2-cm space was left between the

bags so they did not interfere with each other. To record the

ambient temperature of the litter bags, iButton Recorders
(DS1402D-DRS8 + 11221A1, CHN) were placed in one
litter bag at each sample center. Temperatures were
recorded every 2 h.
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Table 2 Initial quality of foliar litter of P. massoniana (mean £ SE, n = 3)

Cellulose (%)

Lignin (%)

Carbon (g kg™") Nitrogen (g kg™ ") Phosphorus (g kg™ Carbon/nitrogen Carbon/phosphorus Nitrogen/phosphorus

Species

882.12 £+ 57.54 26.80 £+ 4.20 35.26 + 3.09 21.20 £+ 2.48

32.90 + 2.05

13.94 £+ 1.38 0.52 £ 0.11

458.70 + 16.51

P. massoniana

Foliar litters were collected from the P. massoniana plantation floor with a canopy density of 0.9, and were was used as the basis for the canopy controlling experiment

To quantify lignin and cellulose degradation, the litter
bags were sampled 12 times over a l-year period, ran-
domly collected from five positions on each sampling date.
At the same time, collected samples had soil carefully
removed before being placed into sterilized polyethylene
bags. All samples were labeled, taken to the laboratory
where litter was removed and oven dried at 65 °C until a
constant weight. The samples were crushed and sieved
(0.2 mm), and the litter weighed to calculate the percent-
age loss. Lignin and cellulose concentrations were deter-
mined according to the acid detergent lignin method, with
some modifications (He et al. 2016a).

Oven dried samples, (dried at 65 °C for 48 h to deter-
mine dry mass), were analyzed for carbon, nitrogen, and
phosphorus concentrations. Carbon levels were determined
using the dichromate oxidation-sulfate-ferrous titration
method. Sub-samples of 0.2 g were acid-digested with a
solution of 8 mL H,SO, (p =1.84 gcm™) and 3 mL
H,0, at 190 °C for 30 min. The solution was transferred to
a 100 mL volumetric flask, quantified, filtered, and stored
for N and P analyses using indophenol-blue colorimetry
and phosphomolybdenum-yellow colorimetry, respectively
(He et al. 2016b).

Soil properties analyses

Soil samples taken at a depth of 10 cm were collected in
May 2013 from the same five points in accordance with the
litter bags. Samples were mixed, air dried, weighed, and
passed through a 0.2 mm sieve. Moisture content, bulk
density, and pH were determined using standard analysis
methods and carbon, nitrogen, and phosphorus concen-
trations were determined according to Lu (1999).

Soil fauna collection

Five 50 cm x 50 cm plots, (center, east, west, north and
south edges) were established in each site to collect the soil
fauna in three layers, the litter layer, upper 5-cm layer, and
the 5-10 cm layer.

Macro fauna (> 2 mm) were collected by hand from the
three layers. The collections were put into a centrifuge
tube with alcohol and taken to the laboratory for identifi-
cation. Soil samples for the identification of meso-micro
fauna were also collected from the three layers in the five
points using a cylindroids sample collector. Litter was
collected within 10 cm x 10 cm area to obtain the fauna.
Soil and litter samples were put into black cloth bags,
taken to the laboratory, and meso/micro soil fauna sepa-
rated by Baermann’s method and Tullgren’s method,
respectively. Both macro and meso/micro fauna were
classified according to Yi (1998).
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Statistical analyses

The exponential decay model by Olson(1963) was used to
fit the relationship between the litter decomposition rates
(y), lignin and cellulose degradation rates with the
decomposition time (t).

The decomposition model : M; /My = a * e ¥ (1)

where M, is the foliar litter dry weight (g) at time(t); M, the
initial dry weight(g) of the foliar litter; a the fitting
parameter; k the annual decomposition rate of the foliar
litter(yr— l) :

Li/Ry(%)=[My /g (t-1) - My rt]/ Mo x 100 (2)

where My gt and My g (t — 1) are the remaining lignin or
cellulose contents between the current and previous sam-
pling dates, respectively; M is the initial lignin or cellu-
lose content.

Soil fauna Shannon diversity index and soil fauna
richness index were calculated using the following:

Shannon diversity index (H') : H' = — Zpi(lnpi) 3)
i—1

Margalef richness index (D) : D= (S—1)/InN 4)

where P; = N/N; N is the total group numbers in the
community; S the number of groups; N; the i groups indi-
vidual number.

The response of litter decomposition characteristics to
time in plantations under various canopy densities were
evaluated using an exponential regression. ANOVA tests
evaluated both the effects of canopy density and time on
litter decomposition rates, and lignin and cellulose degra-
dation rates. One-way ANOVA tests were conducted to
evaluate the effects of canopy density on the understory
environment and soil fauna. After verifying the general
ANOVA and one-way ANOVA hypothesis, detailed post
hoc mean comparisons for the significant differences in
litter variables were performed using Tukey’s honest sig-
nificant difference (HSD) test. The homogeneity of the
variances was tested using Levene’s test. Any datasets
failing this test were log-transformed before further anal-
ysis to help satisfy the requirement of variance homo-
geneity. All analyses were performed using the Statistical
Product and Service Solutions program (SPSS 17.0), and
Origin 9.0 was used to draw the graphs.

Results

Effect of canopy densities on understory
environment

The one-way ANOVA showed that understory environ-
mental factors and soil faunal diversity indices changed
significantly under various canopy densities except for
temperatures of the ambient foliar litter (Table 3).

Litter decomposition characteristics

The ANOVA showed that litter decomposition rates and
the degradation rates of lignin and cellulose were signifi-
cantly affected by canopy densities and decomposition
times (Table 4). The litter decomposition rates, according
to densities, were: E (k=0.518) >D (k=0.478) >C
(k=0.477) > B (k = 0.0468) > A (k = 0.384). Decompo-
sition rates increased significantly with decreasing canopy
density; there were no significant changes to rates in den-
sities B, C and D (Fig. 2a). The rate under density E was
significantly lower than rates under the other densities. The
percentage of the remaining litter to the initial mass was
63.8, 63.0, 62.0, 61.9, and 60.4% over a decreasing density
(A, B, C, D, and E), respectively. Over the decomposition
period, there were no significant changes to the remaining
litter initially with densities A-D, but density E showed a
significant decrease in remaining litter (Fig. 3a).

Lignin and cellulose degradation characteristics

Canopy densities and decomposition times significantly
impacted lignin and cellulose degradation (Table 4). Lig-
nin degradation was ranked as the following: D
(k=0478) > C (k=0.445) > E (k=0.442) > A
(k=0.384) > B (k=0.373). Cellulose degradation rate
was D (k=1.076) > C (k=1.055) > E (k=0916) > B
(k=0.847) > A (k=0.772). Both lignin and cellulose
degradation rates under C and D canopies were signifi-
cantly higher than the others (Fig. 2b, ¢). The lignin con-
centrations under C and D canopy densities decreased
significantly during the first 118 days, and then increased
significantly over the remainder of the degradation time
(Fig. 3b). Lignin concentrations of litter under A and B
canopy densities increased significantly over time; the
lignin concentrations of canopies C and D were signifi-
cantly different from canopies A, B, and E. The lignin
concentrations in canopies C and D were the lowest during
the degradation time. Cellulose levels in all canopies
showed an exponentially decreasing trend over the degra-
dation time; the concentrations decreased rapidly during
the first 118 days, and slowed after this period (Fig. 3c).
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Cellulose concentrations under canopies C and D were
significantly different from those under canopies A, B and
E. The Cellulose concentrations in canopies C and D were
the lowest during the degradation time.

The remaining lignin in the litter showed an exponen-
tially decreasing trend over the degradation (Fig. 3d). The
percentage of lignin remaining compared to the initial
lignin in the litter was 68.4, 69.0, 64.9, 62.3, and 65.5% for
canopy densities A to E, respectively. Lignin loss mainly
occurred during the first 118 days; the percentage lost
compared to the total period was more than 72% regardless
of the canopy density (Fig. 4a). Lignin remaining in the
litter under canopies C and D was significantly different
than under canopies A, B and E. The lignin decomposed
faster under C and D canopies than under A, B, and E.
Over the experimental period, the remaining cellulose in
the litters showed an exponentially decreasing trend over
the degradation time (Fig. 3e). The percentages of cellu-
lose loss were 53.9, 51.7, 44.3, 44.0 and 49.4%, respec-
tively, under canopy densities A—E. The cellulose loss in
the litter mainly occurred during the first 118 days
(Fig. 4b) and accounted for more than 68% regardless of
canopy density. The remaining cellulose under C and D
canopies was significantly different than under A, B and E
canopies. The cellulose broke down faster under the mid-
density canopies C and D than under the other canopies.

Discussion

This study shows that litter decomposition rates, and lignin
and cellulose degradation rates were significant affected by
temperature in ambient foliar litter and soil fauna
(Table 5), and that litter decomposition under canopy E,
(density 0.49), was the highest than under the other cano-
pies. Lignin and cellulose degradation rates were highest

under canopy D (density 0.62). The litter in the remaining
mass decreased exponentially over the decomposition time,
which also decreased with the decreasing canopy density.
Lignin and cellulose decomposed faster under mid canopy
densities C (0.74) and D (0.62). The present results par-
tially support our hypothesis that litter degradation changes
significantly under various canopy densities. Intermediate
canopy density might be favorable for litter.

In this study, litter decomposition was highest under
canopy E. The remaining litter decreased exponentially
over the decomposition time, and was significantly lower
than under the other canopies (Fig. 3a). Under natural
conditions, litter decomposition requires three processes:
atmospheric leaching, crushing, and biodegradation,
among which biodegradation is the most important. At the
early stage of decomposition, atmospheric leaching and
crushing have significant impacts on litter decomposition
(Wu et al. 2010); biodegradation is the dominant factor in
late decomposition (Simoneta et al. 2008; Wall et al. 2008).
There were no significant differences among canopy den-
sities A, B, C, and D on the remaining litter; however, the
rate of decomposition was faster in plantations with the
lowest canopy density (E). Soil fauna had significant
influence on the decomposition rates (Table 5). Tempera-
ture also influenced the decomposition rates but there were
no significant changes among the various densities. Canopy
density also affected the understory environment. Light and
water conditions were optimal in plantations with the
lowest canopy density (Zhao et al. 2017). The understory
grew rapidly, forming shade to protect the foliar litter from
temperature increases. For this the temperature in ambient
foliar litter had no differences with the various canopy
density. In the first 118 days, higher temperatures and
larger amounts of precipitation during the summer accel-
erated the leaching of the organic matter and carbohydrate
decomposition on all sites. These factors led to faster

Table 3 Results of one-way ANOVA of canopy density on soil factors and soil fauna

Temperature in ~ Soil carbon Soil nitrogen Soil phosphorus Macro soil Meso/micro soil
ambient foliar faunal faunal individual
litter individual density
density
Canopy  37.886 37.782%% 3.256%* 3.563%%* 154.630* 234.77%%*
density
Meso/micro soil ~ Understory plant Macro soil faunal ~ Meso/micro soil Macro soil
faunal richness Shannon—-wiener Shannon faunal Shannon faunal
index species diversity index diversity index diversity index richness index
Canopy  1.376%* 81.938%** 230.76%* 143.66%* 11.345%
density

Significant effects: *P < 0.05; **P < 0.01

@ Springer



Litter decomposition and the degradation of recalcitrant components

in Pinus massoniana... 1401

Table 4 Results of ANOVA on the effects of canopy density and decomposing time on litter decomposition rates, and lignin and cellulose

degradation rates

Litter decomposition rate

Lignin degradation rate Cellulose degradation rate

Canopy density 0.467* 6.330%* 0.351%
Canopy density x time 21.334%%* 13.844%* 15.244%%*
Significant effects: *P < 0.05; **P < 0.01
o (a) Litter a o (b)Lignin " (c) Cellulose a
b b b e 2 1of I
sl RS kel v ]

04l be

k value(y"l)
k value(y” 1)
=
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k va]ue(y“l)

04+

02+

L

0.0

0.0 0.0
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C
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Fig. 2 Decay constant (k, y_l, 2, p < 0.05) for litter (a), lignin (b),
and cellulose (¢) of P. massoniana as affected by canopy density in
the plantation. A, Canopy density (0.91 £ 0.02), B, Canopy density
(0.83 £ 0.05), C, Canopy density (0.74 £ 0.02), D, Canopy density

decomposition rates at the early stages. After 118 days,
decomposition rates may have mainly relied on biodegra-
dation through breakdown by soil biota. Our previous
studies indicated that the diversity of soil fauna and
microbes increased with decreasing canopy density (Zhou
et al. 2017). These reasons might explain the influence of
canopy density on litter decomposition. Canopy densities,
decomposition time, and soil fauna had significant impacts
on lignin and cellulose degradation rates (Tables 4, 5).
Lignin and cellulose degradation were faster under C and D
canopy densities than under A, B, and E densities (Fig. 3d,
E). Theoretically, temperature and soil fauna are important
drivers for litter decomposition, but temperatures of
ambient foliar litter in the present study did not differ with
canopy density (Table 3). Therefore, degradation was
mostly biodegradation. The abundance and activities of
decomposers can increase with decreasing canopy density,
except for canopy E, causing a decrease in litter lignin and
cellulose degradation associated with decreasing density
over the decomposition time. The decomposition of
recalcitrant components varied with various canopy den-
sities. Both lignin and cellulose significantly decomposed
under C and D densities. Thinning and pruning optimized
the sunlight and moisture levels with decreasing density;
however, the foliar litter remaining was greatest in P.
massoniana plantations under the E canopy, (the least
dense), because of more direct sunlight and rain. Our

L L
C C D

Canopy density Canopy density

(0.62 £ 0.01), E, Canopy density (0.49 £ 0.08,). [Values are
mean + SD. Bars indicate the standard error. Different lowercase
letters indicate significant differences (P < 0.05) among the different
canopy density during the decomposition period.]

previous study also found that understory plant diversity
was higher in plantations under intermediate densities, but
the lowest density resulted in a significantly reduced forest
evenness index, indicating low diversity and stability of the
understory plants (Zhao et al. 2017). Preliminary studies
have also indicated that the diversity of soil fauna and
microbes were higher in plantations under C and D canopy
densities. When canopy density is reduced too much,
understory plants and higher temperatures did provide a
suitable environment for soil fauna. The conditions were
not conducive for maintaining the soil fauna community’s
diversity and stability (Zhou et al. 2017). This may explain
the dynamic changes in decomposition of the recalcitrant
compounds in P. massoniana plantations across a range of
canopy densities.

Lignin and cellulose loss mainly occurred during the
first 118 days under various canopy densities (Fig. 4 a and
b). The variations could be related to suitable temperatures
and available sunlight and moisture which made the foliar
litter more conducive to microbial attachment, leading to
accelerated degradation of lignin and cellulose (Brandt
et al. 2010). Compared with canopy densities A, B and E,
lignin and cellulose losses under mid-level densities C and
D were faster because of the more active soil fauna levels.
Shannon diversity index and richness index were greatest
under these canopies and significantly influenced lignin
and cellulose loss. At the late stages of degradation, with
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Fig. 3 Effects of canopy densities on the remaining mass (% of
initial) (a), lignin and cellulose concentration (b, ¢) and remaining
lignin and cellulose content (% of initial) (d, e) in the foliar litter of P.
massoniana in the pure P. massoniana plantations from July 23, 2014,

decreasing temperatures in ambient foliar litter, the activity
of soil fauna was also reduced. Lignin and cellulose loss
rates slow, and the lignin may combine with cellulose to
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to July 22, 2015 (a total of 392 days in the field). A Canopy density
(0.91 £ 0.02), B Canopy density (0.83 & 0.05), C Canopy density
(0.74 £ 0.02), D Canopy density (0.62 &+ 0.01), E Canopy density
(0.49 £ 0.08)

form lignin-cellulose complexes (Austin and Ballaré 2010).
This would hinder the degradation of cellulose by I fauna
and microorganisms, as these complexes slow
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lowercase letters indicate significant differences (P < 0.05) among
the different canopy density during the same decomposition period]

Table 5 Correlation coefficient (r) between temperature in ambient foliar litter and soil faunal factor with litter decomposition rate, lignin and

cellulose degradation rate in the P. massoniana plantations

Temperature ~ Macro soil Meso/micro soil Macro soil Meso/micro soil Macro soil Meso/micro
in ambient faunal faunal faunal Shannon  faunal Shannon faunal soil faunal
foliar litter individual individual diversity index diversity index richness richness index
density density index
Temperature in 1 0.347%%* 0.377* 0.211* 0.333%* 0.221* 0.119*
ambient foliar
litter
litter 0.354%%* 0.231%* 0.332%* 0.124%* 0.119* 0.331%* 0.241%*
decomposition
rate
lignin 0.341* 0.331 0.2317%%* 0.225 0.333 0.144%* 0.155*
degradation
rate
cellulose 0.297* 0.151 0.177%%* 0.212%* 0.378%* 0.121 0.222%*
degradation
rate

Significant effects: *P <0.05; **P <0.01

decomposition. In addition, the degradation of lignin could
also directly result in an increase in the potential for biotic
decomposition of carbohydrates present in foliar litter
(Austin and Ballaré 2010). As a result, this may also affect
the degradation rates of lignin and cellulose by soil fauna,
increasing decomposition time.

Conclusions

Litter degradation, including two recalcitrant components,
lignin and cellulose, were evaluated in Pinus massoniana
plantations under a range of canopy densities (A: 0.91, B:
0.83, C: 0.74, D: 0.62, and E: 0.49). Litter decomposition

rates increased with the decreasing densities and the
remaining litter mass decreased exponentially over the
decomposition time. Lignin and cellulose degradation
showed an exponential trend with the decomposition time,
and their degradation rate was higher under mid-density
canopies C and D. compared to the other canopy densities,
The soil fauna was the main driver on litter decomposition
and breakdown of its refractory compounds. We suggest
that maintaining the canopy density between 0.6 and 0.7
will promote litter decomposition, including the decom-
position of lignin and cellulose, which will be beneficial for
the sustainable development of P. massoniana plantations
in this region.
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