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Nutrient Release during Single and Mixed Leaf Litter
Decomposition from Larix principis-rupprechtii and Other

Tree Species on the Loess Plateau, China

Xiao-Xi Zhang,” Zeng-Wen Liu,”*®  Yuan-Hao Bing,”
Bo-Chao Zhu,” Liang-Zhen Du,”  Zhen-Hua Zhu,” Nhu-Trung Luc"”

[ Summary ]

Current-year leaf litter from Larix principis-rupprechtii and 10 other tree species planned for
a mixed forest was collected on the Loess Plateau of China and placed in nylon mesh litterbags
singly or mixed according to set ratios and then buried in humus soil from a tree-free waste grass-
land for a 345-d incubation under constant temperature (20~25°C) and humidity (50% of the field
water capacity). Results showed that during decomposition, macro-elements were generally more
easily released than micro-elements. Release rates of most elements had no significant relation-
ships with their own initial contents in the litter except for C and N, for which C had a negative
correlation and N had a positive correlation. According to the comprehensive impacts of all 10
elements released during mixed litter decomposition with L. principis-rupprechtii, Ulmus pumila
and Pinus tabulaeformis obviously accelerated nutrient release, followed by Betula platyphylia;
Platycladus orientalis and Robinia pseudoacacia obviously inhibited nutrient release, followed
by Populus simonii. In conclusion, those tree species that accelerate nutrient release during mixed
litter decomposition should be given a higher priority for selection for mixed-forestation with L.
principis-rupprechtii.
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INTRODUCTION

Many problems such as retarded growth,
degradation of soil properties, and difficult
regeneration have been observed in the con-
tinuous management of planted forests on the
Loess Plateau of China. The cause of these
phenomena in monospecific-dominant com-
munities was defined as “soil polarization”
by Liu et al. (2007), and introducing other
friendly tree species to form mixed forests
(e.g., conifers mixed with deciduous trees or
trees mixed with shrubs) was regarded as a
feasible way to resolve this problem. For this
aim, interspecific relationships among differ-
ent species need to be studied. Because leaf
litter decomposition is a key link in the nutri-
ent cycle and energy transformation in forest

ecosystems and reflects the characteristics
of nutrients returning from trees back to the
soil, the nutrient release process and impact-
ing factors during mixed decomposition of
leaf litter from different tree species would be
very important issues of interspecific relation-
ships. In addition, studying nutrient release
during decomposition would be helpful to
understand the principle of soil polarization,
forecast the trends and degrees of it in planted
forests, and thus further direct suitable tree
species selection for mixed forestation.
Nutrient release during single and mixed
leaf litter decomposition, especially N and
P, was reported by many studies (Briones
and Ineson 1996, Conn and Dighton 2000,
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Gnankambary et al. 2008, Li et al. 2009, Bo-
nanomi et al. 2010, Song et al. 2010). Initial
nutrient contents and their related ratios (C/
N, C/P, and N/P) in leaf litter are regarded
as the most important factors affecting de-
composition and nutrient release. Studies by
Teklay and Malmer (2004) and Bayala et al.
(2005) stated that leaf litter with a higher N
concentration would release nutrients more
rapidly. Ball et al.’s study (2009) on N and P
release dynamics suggested that a certain C/
N ratio was helpful for decomposition, and
nutrient release rates were dependent on the
initial N and P concentrations in the leaf lit-
ter. Jacob et al. (2009) reported that there
were significant correlations between nutrient
release rates and C-P-related element ratios,
and nutrients released during decomposi-
tion of litter from different species may be
controlled by C/N, C/P, and N/P ratios. Aerts
and de Caluwe (1997), Xu and Hirata (2005),
and Gusewell and Gessner (2009) also stated
that N and P concentrations and their ratios
affected decomposition and nutrient release
to some extent. In contrast, a few studies
suggested that there was no significant re-
lationship between the release of nutrients
and the initial C/N ratio (Ranjbar and Jalali
2012). During mixed-species decomposition,
“non-additive” interactions were generally
observed in previous studies (Gartner and
Cardon 2004, Ball et al. 2009), which stated
that nutrient release rates of mixed-species
decomposition may be significantly higher
or lower than predicted values calculated by
rates during single-species decomposition.
In general, the presence of litter with higher
initial C and P contents and lower C/N and
C/P ratios accelerated nutrient release during
decomposition (Ball et al. 2009). However,
because of differences in experimental meth-
ods, regional environments, and litter quali-
ties of different species, results of single- and
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mixed-species decomposition were variable,
and even totally contrasting (Wedderburn and
Carter 1999, Ball et al. 2009, Li et al. 2011,
Ranjbar and Jalali 2012). Thus further studies
are needed to verify and expand those find-
ings. In addition, the release of microelements
during litter decomposition has not garnered
sufficient attention yet (Gartner and Cardon
2004, Lehto et al. 2010), which limits com-
prehensive views of the entire nutrient-release
process.

Larix principis-rupprechtii is one of the
most widely planted tree species on the Loess
Plateau of China due to its fast growth and
good adaptability. However, few studies have
been carried out on its litter decomposition,
either singly or mixed with that of other spe-
cies. Thus, L. principis-rupprechtii was cho-
sen as the objective in this study, in which,
leaf litter from it and 10 other tree species
were used singly or mixed with each other
for a 345-d decomposition incubation to test
the characteristics of nutrient release and its
variation with various mixtures, in an attempt
to provide a scientific basis for the selection
of introduced tree species for altering pure
forests and constructing mixed forests.

MATERIALS AND METHODS

Leaf litter and soil sample collection

In pure forests of L. principis-rupprechtii
and other 7 tree species (Pinus tabulaeformis,
Platycladus orientalis, Populus simonii,
Quercus liaotungensis, Betula platyphylla,
Robinia pseudoacacia, and Ulmus pumila)
and 3 shrub species (Hippophae rhamnoides,
Caragana microphylla, and Amorpha fruti-
cosa) of the Loess Plateau of China, current-
year fallen leaf litter was gathered in October
2009. We removed diseased leaves and insect
pests, quickly washed the samples with tap
water, and then dried them at 65°C. In order
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to allow interactions with large contact areas
during mixed decomposition, all leaf litter
samples were cut into 1-cm-sized pieces or
short needles.

At the same time, soil from the top layer
(0~20 cm) of a typical tree-free waste grass-
land within five 1 X 1-m quadrates was col-
lected, mixed, and sampled as the decomposi-
tion medium. After removing roots, stones,
and faunal debris, the soil was ground and
passed through a 5-mm mesh sieve. The soil
originated from parent material of loess and
had a bulk density of 1.261 g cm”, a micro-
aggregate (1~5 mm) content of 42.80%, an
organic matter content of 21.9 g kg, and a
pH of 7.8.

Leaf litter decomposition experiment

In step 1, 7.5 g of leaf litter pieces from
different species were weighed for single-spe-
cies decomposition except P. tabulaeformis
and P, orientalis (as their litter densities were
obviously larger than the others, for which
15.0 g of litter was weighed out respectively).
For mixed-species decomposition, litter from
other species was mixed with that from L.
principis-rupprechtii in a set mass ratio of 1:
1. The total weight of every mixture was 7.5
g (except for P. tabulaeformis or P. orientalis,
when fully mixed with each other, the mass
ratio was 2: 1, and the total weight of every
mixture was 15.0 g). Litter samples were
placed in nylon litterbags (0.5-mm mesh,
14X 20 cm), and every type had 5 replicates.
In total, 105 litterbags for 21 decomposition
types were set up in this experiment.

In step 2, 4.0 kg of composite soil sam-
ples were weighed separately, and distilled
water was added to adjust the soil moisture
to 50% of the field water capacity. Then soil
samples were placed in 21 opaque plastic pots
of 20X 40X 30 cm. Afterwards, 5 litterbags
of every decomposition type were buried in

soil, in which they were canted at 45° and
spaced in order to make good contact with the
soil medium. A plastic film with 4 air vents
(of 1.5 cm in size) was used to cover every
pot to preserve the soil moisture. Litter de-
compositions was carried out by incubation in
the laboratory under the same temperature of
20~25°C for 345 d (November 2009~October
2010). During this process, we weighed the
pots every week and added water using a
sprayer to maintain a constant soil moisture
content.

Determination and statistical analysis

After the litterbags were harvested at the
end of incubation, litter residuals were quick-
ly washed in soil sieves (0.25-mm mesh),
dried at 65°C, and weighed. Nutrient concen-
trations in the litter before and after decom-
position were determined by the following
methods. C was determined by titrimetry with
potassium dichromate, N was determined us-
ing a Kjeldahl apparatus, P was determined
using molydenum antimony disoascorbic acid
colorimetry (MADAC), and K was deter-
mined using flame photometry after the litter
had been previously digested in a mixture of
H,SO, and H,0,. Micro-elements were deter-
mined by graphite furnace-atomic absorption
spectrophotometry (Bao 2000).

Nutrient release during decomposition
processes was estimated using model (1) sug-
gested by Olson (1963):

R=XIX,=¢"" (1)
where R is the percentage of remaining nutri-
ent (elements here) in the litter residues, X,
and X are nutrient contents in the litter before
or after decomposition, respectively, & is the
release rate constant, and ¢ is the duration
of decomposition. For ¢ = 1 yr, the annual
release rates d of nutrients were obtained us-
ing equation (2), and compared to each other
by a one-way analysis of variance (ANOVA)
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method using SPSS 19.0 software (Tukey’s
method was employed in multiple compari-
sons; SPSS, Chicago, IL, USA).

d=1-¢" )

In order to test the relationships between
nutrient release rates and litter quality, initial
element content characteristics in the litter
including their ratios (C/N, C/P, and N/P) and
annual release rates of every element were
subjected to a Spearman correlation analysis
using SPSS 19.0 software.

Based on the assumption that different
litters decompose independently, we calcu-
lated the predicted nutrient release rate and
increment rate (A%) values in mixed-species
decomposition using equations (3) and (4):
Pd,y=a Td, + b Tdy and 3)
A% =100 X (Td s - Pd,g)/ Pdg; “)
where Td, and Td, are the respective ob-
served nutrient release rates of single species
A and B, Pd,; is the predicted release rate
value of mixed decomposition, and « and b
respectively stand for the mass percentage of
each species of A and B in the mixtures.

Values of observed and predicted nutri-
ent release rates were subjected to a #-test
analysis using SPSS 19.0 to test whether there
were significant differences between them.
Positive values of A% meant that there were
acceleration effects on nutrient release during
mixed-species decomposition, while negative
values meant the opposite. In order to con-
veniently state the effects of mixed decom-
position, values of A% were classified into 7
grades: N, no significant difference between
Td,s and Pd,g; SL, slight effects (there was a
significant difference between 7d,; and Pd,,
and A% < 10%, the same as the others); W,
weak effects (A% = 10~15%); RS, relatively
strong effects (A% = 15~20%); S, strong ef-
fects (A% = 20~25%); VS, very strong effects
(A% = 25~30%); and ES, extremely strong
effects (A% > 30%).
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RESULTS

Nutrient release during single-species
leaf litter decomposition
1. Initial nutrient contents in the leaf litter
Initial nutrient content characteristics
(Tables 1, 2) may affect nutrient release rates.
According to the variance analysis, the leaf
litter of different tree species had the fol-
lowing initial nutrient characteristics before
incubation: L. principis-rupprechtii had the
highest C, P, and Mn contents and the lowest
Ni and Fe contents, and C/P and N/P ratios. P.
tabulaeformis had the highest C and Fe con-
tents, and C/N and C/P ratios and the lowest N,
P, K, Cu, Cd, and Mn contents. P. orientalis
had the highest C and Fe contents, and the
lowest Cd and Mn contents and C/P ratio. P,
simonii contained the highest Cd and the low-
est C, Zn, and Fe contents. R. pseudoacacia
had the highest Ni content and the lowest C
content. B. platyphylla had the highest initial
C, Zn, Cd, and Mn contents and the lowest C/
P ratio. Q. liaotungensis contained the highest
C content, and the lowest Cd and Fe contents,
and C/P and N/P ratios. U. pumila contained
the highest K content and the lowest C, Zn,
Cd, and Mn contents and C/N ratio. H. rham-
noides had the highest Fe content, and the
lowest C and Cd contents and C/N ratio. C.
microphylla had the highest C content and N/
P ratio and the lowest Zn and Cd contents and
C/N ratio. A. fruticosa contained the highest
C, N, P, K, and Cu contents, and the lowest
Cd and Mn contents, and C/N and C/P ratios.
According to estimations by the Olson
model and equation (2), nutrient release rates
during single-species leaf litter decomposi-
tion were variable (Table 3). L. principis-
rupprechtii released C, Zn, and Ni the most
slowly; P. tabulaeformis showed the slowest
release rates of N, P, K, Cu, Cd, Fe, and Mn;
P orientalis released P the most rapidly; P.
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Table 1. Initial nutrient characteristics of leaf litter of different tree species (macro-elements,

g'kg")

Leaf

litter C N P K C/N C/P N/P

L.p. 258.66%+325abc 20.88+£0.98¢ 2.71£0.02a 0.56%0.03f 12.38+043b 95.44+2.02d 7.70+042f
Pt 283.76%+2.60a 9.81+0.05f 050%x0.0lg 022+001h 2893x0.13a 567.52*x1.35a 19.62%0.14¢
Po. 25920%6.82abc 28.00+£042cd 1.96£0.07¢ 0.71£0.0le 9.26£0.11de 132.24%1.20cd 14.29£0.29d
Ps. 21094+428d 23.64+1.19de 1.41£0.05de 0.93+£0.01d 892+0.27 def 149.60£249¢ 16.77£0.23d
R.p. 236.07+13.62bcd 24.03*+1.13de 1.08%£0.02f 040+001g 9.82%0.10cd 218.58%=7.95b 22.25+0.57c¢
B.p. 266.58+11.49ab 27.32+0.36cd 2.45+0.07b 1.28+0.05¢c 9.75%£0.29cd 108.81%=7.79d 11.15+0.47¢
Q.1 250.66+4.16abc 21.23+193e 241+0.05b 0.87+£0.03d 11.80£131bc 104.01£0.27d 8.81£0.97 ef
U.p. 223.68t6.41cd 3045+0.73¢ 145%£0.04d 1.51%£0.03a 7.34%+0.03efg 154.26+0.12¢c 21.00+0.08 ¢
H r 232.63£9.10bcd 31.87£0.93bc 1.19+0.09ef 0.58+0.02ef 7.291+0.50 efg 195.48+£22.29b 26.78+1.19b
C.m. 247.09+648abc 36.75ft1.16b 1.11£0.05f 1.324+0.03bc 6.72+0.04 fg 222.50£3.45b 33.11+0.34a
A.f 249.11%£599abc 43.48+045a 2.61£0.05ab 1.43+0.03ab 5.72+020¢g 9544+399d 16.66+0.12d

L. p., Larix principis-rupprechtiiy P. t., Pinus tabulaeformis; P. o., Platycladus orientalis; P. s., Populus simonii; R. p., Robinia
pseudoacacia; B. p., Betula platyphylla; Q. I., Quercus liaotungensis; U. p., Ulmus pumila; H. r., Hippophae rhamnoides; C.
m., Caragana microphylla; A. f-, Amorpha fruticosa. Data are the average &+ SE; Tukey’s method was used for the multiple-

comparison test, and different letters in the same column indicate a significant difference among species.

Table 2. Initial nutrient characteristics of leaf litter of different tree species (micro-elements,

mg-kg™")

Leaf Cu Zn Ni cd Fe Mn

litter

Lp 535+0.12e 2634+222c¢  1.05+001i 090+0.03b 115.13£326f  269.96+12.34 ab
Pt 310+0.10f 23.0940.09cd 245+002¢ 0.64+003d 291.65+1.05ab  42.01+0.73 f
Po. 515%0.10e 21.90+127cd 2.19+0.04f 0.71+002d 303.40+4.05ab  31.00+197f
Ps.  699+023cd 13.76+137ef 3.50+0.02b 0.98+0.03ab 142.06+10.67f 229.91+9.49¢
Rp. 646+005d 2230+188cd 4.03+0.02a 0.86+0.02bc 196.80+12.88d 208.79+6.59
B.p. 1005+032b 7676+1.76a 158+0.03h 1.09+0.06a 176.74+7.54de 273.16+49a
O.1 9.65+004b 2048+0.58cde 1.93+0.05g 071+0.01d 101.94+147f  234.64+11.11 be
Up 7.094008cd 921+006f 1.66+006h 0.69+0.03d 19135+12.63d 3574+1.88f
Hr 934+0.10b 1941+1.05de 3.5010.02b 0.68+0.01d 319.74+1235a 136.09+11.31d
Com 739+0.12¢ 11.99+088f 271+0.03d 075+0.02cd 268.15+13.72bc  96.29+3.93 ¢
Af 1518+023a 4771+1.67b 324+0.03c 0.68+001d 2223049.77cd  59.55+3.54 ef

See footnotes to Table 1.

simonii showed the highest release rates for K,
Cd and Mn; R. pseudoacacia released N, P, K,
Cu, Zn, Cd, Fe, and Mn relatively more slow-
ly; B. platyphylla showed the highest release
rates of K; Q. liaotungensis released Fe the
most slowly; U. pumila showed the highest
release rates for C, N, P, K, and Cd; H. rham-
noides released all elements the most rapidly

except N, P, and Mn; C. microphylla showed
the fastest release rates of C, N, P, K, and Cd;
and A. fruticosa released Zn relatively faster
and K, Ni, and Mn relatively more slowly.
2.Effects of initial nutrient contents in the
leaf litter on nutrient release during decom-
position
Relationships between the initial nutrient
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contents in the litter and nutrient release rates
during decomposition (Tables 4, 5) indicated
that release rates of C and N had significant
positive correlations with the initial N and K
contents, and significant negative correlations
with the initial C and Zn contents and C/N ra-
tio. The P release rate had significant positive
correlations with the initial N and K contents
and a negative correlation with the initial C/
N ratio. The Cu release rate had a significant
positive correlation with the initial N content,
significant negative correlations with C and

Zn contents, and an extremely significant
negative correlation with the initial C/N ratio.
The Zn release rate was very closely related
to the initial N content positively and the
initial C/N ratio negatively. The Ni release
rate was significantly related to the initial N/
P ratio positively and the initial Zn content
negatively. There were significant negative
correlations between the Cd release rate and
initial C and Zn contents. The Fe release rate
showed an extremely significant correlation
with the initial N content and a significant

Table 4. Spearman correlation coefficients between nutrient release rates (NRRs) and initial
macro-element characteristics (contents g kg and ratios) in leaf litter

Initial characteristics of macro-elements

NRR
C N P K C/N C/P N/P

C -0.618* 0.682* -0.173™ 0.636* -0.755%* 0.255™ 0.545™
N -0.627* 0.700% -0.091™ 0.700% -0.773%* 0.187™ 0.500™
P -0.218™ 0.636* 0.164" 0.655% -0.609* -0.036™ 0.164™
K -0.336™ 0.555" 0.045™ 0.509™ -0.600™ 0.096™ 0.327™
Cu -0.718* 0.655* -0.082M 0.555™ -0.791%* 0.109™ 0.464™
Zn -0.282™ 0.864%* -0.018™ 0.509™ -0.864%* 0.064™ 0.436™
Ni -0.518™ 0.391™ -0.491™ 0.173™ -0.491™ 0.524"° 0.627*

cd -0.627* 0.373" 0.018" 0.445™ -0.536"° 0.046™ 0.264"°
Fe -0.518™ 0.736%** -0.200™ 0.445™ -0.764%* 0.310™ 0.618%

Mn -0.573" 0.236"° -0.018™ 0.373™ -0.400™ 0.068™ 0.236™

* P<0.05 (2-tailed); ** P <0.05 (2-tailed); NS, not significant; n=11.

Table 5. Spearman correlation coefficients between nutrient release rates (NRRs) and initial
micro-element contents in leaf litter

Initial micro-elements contents (mg kg™)

Cu /n Ni Cd Fe Mn
C 0.318" -0.718%* 0.182" -0.091™ 0.327™8 -0.355™
N 0.327"% -0.727* 0.114™ 0.023™ 0.236™° -0.300™
P 0.218™ -0.445™ -0.196™ 0.105™ 0.264" -0.355™
K 0.336™ -0.336™ -0.023™ 0.416™ 0.155" 0.136™
Cu 0.336™ -0.664* 0.333" -0.027™ 0.282" -0.236™
Zn 0.545™ -0.255™ 0.351™ -0.164" 0.555" -0.255™
Ni -0.009™® -0.655%* 0.433™ 0.064 ™ 0.464™8 -0.227™
Ccd 0.145™ -0.664* 0.059™ 0.247™8 0.055™ -0.018™
Fe 0.164™ -0.564™ 0.246™ -0.032™ 0.536"° -0.355™
Mn 0.327™ -0.564™ 0.068™ 0.438" -0.155™ 0.355™

See footnotes to Table 4.
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positive correlation with the N/P ratio. In con-
trast, it had an extremely significant negative
correlation with the initial C/N ratio. There
were no significant correlations between the
rates of K and Mn release and the initial nu-
trient contents of the litter materials. Further-
more, there were no significant correlations
between the element release rate with their
own initial contents except C and N, in which
C was negative and N was positive.

Effects of mixed-species leaf litter de-
composition from L. principis-rupprechtii
and other species on nutrient release
1. Effects on C, N, P, and K release

Effects of mixed-species leaf litter de-
composition from different tree species with
L. principis-rupprechtii on macro-elements
release (Tables 6, 7) showed that: P. tabulae-
formis accelerated C release strongly and N
release weakly, while it slightly inhibited P
release; P. orientalis weakly inhibited P re-
lease; R. pseudoacacia had a relatively strong
negative effect on N release and a very strong
negative effect on P release; B. platyphylla
accelerated C release slightly and N release
weakly; it also showed a relatively strong ac-
celeration of P release; Q. liaotungensis had a
relatively strong negative effect on P release;
U. pumila showed relatively weak accelera-
tion of N release and a relatively strong nega-
tive effect on P release; H. rhamnoides and C.
microphylla had strong and extremely strong
negative effects on P release, respectively;
while, P. simonii and A. fruticosa showed no
significant effects on any element release in
mixed decomposition.
2. Effects on Cu, Zn, Ni, Cd, Fe, and Mn re-

lease

Effects of mixed-species leaf litter de-
composition on micro-element release rates
(Tables 8, 9) showed that P. tabulaeformis
greatly accelerated Cd, Fe, and Mn release,
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while it greatly inhibited Ni release. P. ori-

entalis greatly inhibited Cu, Zn, Ni, and Fe

release and Mn release weakly; it also had a

very strong negative effect on Cd release. P,

simonii showed relatively strong inhibition of

Cu release, and it inhibited Zn and Ni release

slightly, Fe release extremely, and Mn release

weakly. R. pseudoacacia slightly accelerated

Cu and Fe release, strongly accelerated Mn

release, and had extremely negative effects

on Zn, Ni, and Cd release. B. platyphylla had

a slight positive effect on Cu release, a weak

positive effect on Zn release, an extremely

positive effect on Ni release, and a relatively
strong negative effect on Fe release. Q. liao-
tungensis had a weakly positive effect on Cd
release, an extremely positive effect on Fe re-
lease, a slightly negative effect on Cu release,
an extremely negative effect on Zn release,
and a relatively strong negative effect on Ni
release. U. pumila accelerated Cu, Cd, and

Mn release slightly and Ni release extremely;

it also showed a very strong acceleration of

Zn release and weak inhibition of Fe release.

H. rhamnoides showed extreme accelera-

tion of Ni release, extreme inhibition of Zn

release, relatively strong inhibition of Fe re-

lease, and weak inhibition of Mn release. C.

microphylla inhibited Cu release slightly, Ni

release weakly, and Fe and Mn release very
strongly. 4. fruticosa showed relatively strong
inhibition of Zn release, strong inhibition of

Ni release, slight inhibition of Fe release, and

very strong inhibition of Mn release.

3. Comprehensive analysis of the effects of
mixed-species leaf litter decomposition on
nutrient release

Release rates of different elements were
variable during single-species decomposi-

tion and became more complicated when 2

types of litter were mixed, in that the release

of some elements was accelerated, while that
of others was inhibited. In order to assess the
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Table 6. Effects of mixed leaf litter decomposition from Larix principis-rupprechtii and other

tree species on macro-element release

Release model

Tree leaf litter In R = -t

Annual nutrient release rate d

Observed value  Predicted value  Increment ratio

Tan P,y A%
Pt C InR =-1.0472 ¢ 0.6284** 0.5166 21.64 S
N InR =-0.6979 ¢ 0.4829* 0.4437 8.83 W
P InR =-0.7754 ¢ 0.5195%* 0.5637 -7.84SL
K InR=-2.7742 ¢ 0.9274 0.9287 -0.14N
Po. C InR =-1.6286 ¢ 0.7855 0.7723 1.71 N
N InR=-1.8342 ¢ 0.8234 0.7872 4.60 N
P InR =-1.3943 ¢ 0.7323* 0.8181 -1049W
K InR =-3.9457 ¢ 0.9760 0.9616 1.44 N
Ps. C InR =-1.3993 ¢ 0.7336 0.7298 0.52N
N InR =-1.3246 ¢ 0.7168 0.7293 -1.71N
P InR =-1.2941¢ 0.7057 0.7366 -4.19N
K InR =-3.4700 ¢ 0.9624 0.9701 -0.77N
R p. C InR =-0.8877 ¢ 0.5679 0.5759 -1.39N
N InR =-0.6168 ¢ 0.4418%* 0.5198 -15.01 RS
P InR =-0.6077 ¢ 0.4370%* 0.6114 -28.52° VS
K InR =-2.9634 ¢ 0.9393 0.9453 -0.60 N
B. p. C InR =-1.4229 ¢ 0.7395%* 0.6789 8.93 SL
N InR =-1.4502 ¢ 0.7461%* 0.6835 9.16 W
P InR=-2.1959 ¢ 0.8745%* 0.7560 15.67 RS
K InR =-3.7336 ¢ 0.9707 0.9713 -0.06 N
0.1 C InR =-1.0578 ¢ 0.6320 0.6148 2.80 N
N InR =-0.9853 ¢ 0.6060 0.5947 190N
P InR =-0.8667 ¢ 0.5592%* 0.6877 -18.69 RS
K InR =-3.4010¢ 0.9598 0.9434 1.64 N
U.p. C InR=-1.4104 ¢ 0.7360 0.7380 -0.27N
N InR=-1.8971¢ 0.8336* 0.7456 11.80 W
P InR =-1.0398 ¢ 0.6257** 0.7762 -19.39 RS
K InR =-5.0246 ¢ 0.9913 0.9670 243N

* or **, significant (p < 0.05) or extremely significant (p < 0.01) difference between 7T, and P,s. N,
no significant difference between 7d,, and Pd,; SL, slight effects (there was a significant differ-
ence between 7d, and Pd,;, and A% < 10%, the same as others); W, weak effects (A% = 10~15%);
RS, relatively strong effects (A% = 15~20%); S, strong effects (A% = 20~25%); VS, very strong
effects (A% = 25~30%); ES, extremely strong effects (A% > 30%). For tree names, see footnotes to

Table 1.

comprehensive effects of mixed decomposi-
tion on nutrient release as a whole, increment
ratios (A%) between predicted and observed
values of nutrient release rates during mixed-

species decomposition were subjected to a
principal component analysis (PCA) using
SPSS 19.0, and comprehensive principal
component F values of every species which
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Table 7. Effects of mixed leaf litter decomposition from Larix principis-rupprechtii and other

shrub species on macro-element release

Release model

Annual Nutrient release rate d

Shrub leaf litter Observed value  Predicted value  Increment ratio
In R=-kt
Thy P,y A%
Hr C InR = -1.4680 ¢ 0.7503 0.7357 198N
N InR =-1.5430 ¢ 0.7674 0.7335 4.62N
P InR =-0.9244 ¢ 0.5826%** 0.7368 -20.93 S
K InR =-4.2706 ¢ 0.9823 0.9708 1.I5N
C.m. C InR=-1.3862 ¢ 0.7303 0.7339 -0.49 N
N InR =-1.4924 ¢ 0.7560 0.7415 1.96 N
P InR =-0.7991 ¢ 0.5301%** 0.7726 -31.39 ES
K InR =-4.3644 ¢ 0.9838 0.9721 1.17N
A f C InR=-1.0152 ¢ 0.6170 0.6384 335N
N InR =-0.9493 ¢ 0.5923 0.6159 -3.83 N
P InR =-1.3265 ¢ 0.7146 0.7235 -1.23 N
K InR=-4.0179 ¢ 0.9776 0.9494 2.82N

See footnotes to Table 6 for an explanation of the statistical information.

See footnotes to Table 1 for shrub species names.

indicated the synthetic effects of mixed leaf
litter decomposition on nutrient release were
calculated using model (5):

F =0.4096F, + 0.2531F, + 0.1891F, +
0.1482F; 5)
where F\~F), are principal component values
obtained by the PCA. Results were sorted in
the following order:

Foy punite (12886) > Fiy s (1.1303) > F,
(0.8105) > Fiy hamnoiaes (0.2722) > F,
(-0.0417) > Fe icrophya (-0.1044) >
(-0.1580) > Fp gimomi (-0.7201) > Fp
pseudoacacia (-1.2245) > F'p (-1.2529).

This showed that when mixed with L.
principis-rupprechtii, leaf litter from U. pumi-
la and P. tabulaeformis significantly acceler-
ated nutrient release as a whole, followed by
B. platyphylla. The acceleration of litter from
H. rhamnoides was negligible. Litter from P,

platyphylla
liaotungensis

A. fruticosa

orientalis

orientalis and R. pseudoacacia significantly
inhibited the release as a whole, followed by P.
simonii. Inhibition of litter from A. fruticosa,
C. microphylla, and Q. liaotungensis was
negligible.

DISCUSSION AND CONCLUSIONS

On single-species leaf litter decomposition

Our study showed that during the single-
species decomposition process, among the
macro-elements, K was the most active and
easily released, while P was generally less
active and difficult to release, and C and N
were moderate and often synchronous in their
release. Among 6 microelements, Zn, Cd,
and Cu were the most active, followed by Ni,
while Fe and Mn were the least active and dif-
ficult to release. Analyzing these results, the
rapid release of K is a common observation
(Qiu et al. 2012), because K exists mainly as
ions in plants and is not associated with struc-
tural components (Osono and Takeda 2005).
P mainly exists in phospholipids, nucleic ac-
ids, and proteins, thus is released more slowly
relative to other nutrients. C and N are the nu-
trient sources of microorganisms and mainly
exist as proteins or other forms together; thus,
they exhibit synchronous dynamics during
decomposition. Among the 6 micro-eclements,
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Table 8. Effects of mixed-species leaf litter decomposition from Larix principis-rupprechtii
and other tree species on micro-element release

Annual nutrient release rate d

Release model

Tree leaf litters In R = -kt Observed value  Predicted value  Increment ratio
Ty P,y A%
Pt Cu InR =-0.3938 ¢ 0.3255 0.3227 0.88 N
Zn InR =-0.4767 ¢ 0.3792 0.3801 -0.24 N
Ni InR =-0.3043 ¢ 0.2624%** 0.4218 -37.79 ES
Cd InR =-0.8623 ¢ 0.5778%* 0.3780 52.85ES
Fe InR =-0.4435 ¢ 0.3582** 0.2733 31.06 ES
Mn InR =-0.5373 ¢ 0.4157%* 0.2629 58.10 ES
P o. Cu InR =-0.5302 ¢ 0.4115%* 0.6855 -39.97 ES
Zn InR =-0.5702 ¢ 0.4346%** 0.6936 -37.34 ES
Ni InR =-0.2946 ¢ 0.2552%%* 0.6413 -60.21 ES
Cd InR =-0.7955 ¢ 0.5486** 0.7654 -28.32° VS
Fe InR =-0.2342 ¢ 0.2088** 0.6293 -66.83 ES
Mn InR=-0.5773 ¢ 0.4386* 0.4938 -11.18 W
Ps. Cu InR =-0.7980 ¢ 0.5498%%* 0.6551 -16.07 RS
Zn InR =-0.8555 ¢ 0.5749* 0.6084 -5.50 SL
Ni InR =-0.7494 ¢ 0.5273* 0.5827 -9.50 SL
Cd InR=-1.2855¢ 0.7235 0.7416 244N
Fe InR=-0.1818 ¢ 0.1662** 0.5167 -67.83 ES
Mn InR =-1.0044 ¢ 0.6337* 0.7144 -11.29 W
R p. Cu InR=-0.61751¢ 0.4607* 0.4355 5.81 SL
Zn InR =-0.3046 ¢ 0.2626** 0.4357 -39.72 ES
Ni InR =-0.2705 ¢ 0.2370%* 0.3849 -38.42 ES
Cd InR =-0.3794 ¢ 0.3157** 0.4631 -31.83 ES
Fe InR=-0.3777 ¢ 0.3146* 0.2926 7.51 SL
Mn InR =-0.7646 ¢ 0.5345%%* 0.4362 22538
B. p. Cu InR =-0.9903 ¢ 0.6285%* 0.6083 3.32SL
Zn InR=-1.1750 ¢ 0.6912%* 0.6102 13.27W
Ni InR =-1.0008 ¢ 0.6324%* 0.4531 39.59 ES
Cd InR=-1.1881 ¢ 0.6952 0.6947 0.08 N
Fe InR=-0.4120 ¢ 0.3377* 0.4105 -17.73 RS
Mn InR=-1.2138 ¢ 0.7029 0.6810 322N
(oA Cu InR =-0.5053 ¢ 0.3966* 0.4603 -13.83 SL
Zn InR=-0.1625 ¢ 0.1500%* 0.4589 -67.32 ES
Ni InR =-0.3008 ¢ 0.2598%*%* 0.3230 -19.57 RS
Cd InR =-0.8641 ¢ 0.5785%* 0.5144 12.48 W
Fe InR=-0.4710 ¢ 0.3757** 0.2719 38.18 ES
Mn InR =-0.7253 ¢ 0.5158 0.5320 -3.05N
U. p. Cu InR=-1.2344 ¢ 0.7090* 0.6543 8.36 SL
Zn InR=-1.2246 ¢ 0.7061%** 0.5642 25.16 VS
Ni InR =-1.4869 ¢ 0.7739%%* 0.5316 45.60 ES
Cd InR =-1.5458 ¢ 0.7869* 0.7353 7.02 SL
Fe InR =-0.6665 ¢ 0.4865* 0.5614 -13.34 W
Mn InR=-1.0515¢ 0.6506* 0.6001 8.42 SL

See footnotes to Table 6 for an explanation of the statistical data.
See footnotes to Table 1 for tree species names.
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Table 9. Effects of mixed-species leaf litter decomposition from Larix principis-rupprechtii
and other shrub species on micro-element release

Release model

Annual Nutrient release rate d

Shrub leaf litter InR =kt Observed value  Predicted value  Increment ratio
Ty P, A%
Hr Cu InR=-1.1582 ¢ 0.6859 0.6822 0.55N
Zn InR=-0.5102 ¢ 0.3996%** 0.6548 -38.97 ES
Ni InR=-1.63211¢ 0.8045%* 0.5974 34.67 ES
Cd InR=-1.3776 ¢ 0.7478 0.7411 091N
Fe InR =-0.6925 ¢ 0.4997** 0.6124 -18.40 RS
Mn InR=-0.9415 ¢ 0.6100* 0.7075 -13.78 W
C.m. Cu InR =-0.9051 ¢ 0.5955% 0.6446 -7.62 SL
Zn InR =-1.0460 ¢ 0.6487 0.6323 2.59N
Ni InR=-0.6777t 0.4922%* 0.5569 -11.61 W
Cd InR=-1.3118¢ 0.7307 0.7313 -0.08 N
Fe InR =-0.5696 ¢ 0.4342%* 0.5909 -26.51 VS
Mn InR=-0.7278 ¢ 0.5171** 0.6918 -25.26 VS
A f Cu InR =-0.8880 ¢ 0.5885 0.6187 -4.88 N
Zn InR=-0.7121 ¢ 0.5094%*%* 0.6259 -18.61 RS
Ni InR=-0.2726 ¢ 0.2386** 0.3137 -23.94 S
Cd InR =-0.6870 ¢ 0.4969 0.5110 -2.74 N
Fe InR =-0.3840 ¢ 0.3189* 0.3592 -11.22 SL
Mn InR =-0.3048 ¢ 0.2627%* 0.3733 -29.62 VS

See footnotes to Table 6 for an explanation of the statistical information.

See footnotes to Table 1 for shrub species names.

Zn and Cu exist mainly in dehydrogenases
and oxidases, and their mobilities are better
than others. Fe and Mn generally contribute
to the formation of inactive macromolecule
compounds, and this may explain why they
were released with greater difficulty.

We observed that there were no signifi-
cant correlations between nutrient release
rates and their own initial contents except
for C and N, which did not agree with previ-
ous studies on Ca, Mg, Na, and K release by
Osono and Takeda (2005) and Ranjbar and
Jalali (2012). This suggests that elements
with a high initial content in litter might not
generally be released more rapidly during de-
composition. We noted that initial C, N, and
K contents and the C/N ratio had significant

or extremely significant correlations with
the release rates of C, N, P, Cu, Zn, Cd, and
Fe, which indicated that litter quality had an
important impact on nutrient release. Initial
C/P and N/P ratios did not show significant
effects on the release rates of most elements
except for Ni and Fe, so they could not be
regarded as criteria for evaluating the effects
of litter quality on nutrient release under the
conditions of this study. These results partly
agreed with findings of Parton et al. (2007),
Bonanomi et al. (2010), and Devi and Yadava
(2010), but were contrary to those of Jacob
et al. (2009) and Ranjbar and Jalali (2012),
which might have been due to differences in
biological properties of various litter materi-
als. Aerts and de Caluwe (1997) suggested
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that C/P and N/P ratios mainly affected the
decomposition process in the early stage
(within 3 months), but when the decomposi-
tion reached 1 yr, the impact of C/N becomes
more obvious. Our experiments lasted for
about 1 yr, and the results also supported the
findings reported by Aerts and de Caluwe
(1997). This might have been caused by non-
synchronization between nutrient release and
decomposition processes (Briones and Ineson
1996), because some investigations stated that
there was a turning point for the impact of the
N/P ratio on nutrient release, and around that
point, an N-limited process and a P-limited
process would switch from one to the other
(Gusewell and Gessner 2009). This may help
explain the poor correlation between the N/P
ratio and nutrient release.

Previous studies suggested that Zn-
input would significantly change the biomass
carbon, respiration, and community structure
of soil microorganisms (Chen et al. 2002).
However, the result was obtained only under
higher Zn concentrations. In this study, we
observed significant negative correlations be-
tween the initial Zn content and release rates
of C, N, Cu, Ni, and Cd, and this might have
partly been caused by the change in soil bio-
logical properties, but we cannot rule out the
possibility that there are just pure mathemati-
cal relationships between them. This still
needs further research to clarify it.

On mixed-species leaf litter decomposition

Our results also supported previous find-
ings that there were significant “non-additive”
interspecific effects in mixed-species leaf lit-
ter decomposition and nutrient release (Liao
et al. 2000, Gartner and Cardon 2004, Komi-
noski et al. 2007, Ball et al. 2009). Further-
more, we observed that the effects of mixed-
species decomposition on micro-element
release were more obvious than those on

macro-element release. It is widely accepted
that litter with a high initial quality will
accelerate decomposition and nutrient release,
while litter of poor quality will inhibit these
processes (Ball et al. 2009). However, in this
study, litter from P. tabulaeformis, with the
highest initial C content and C/N ratio and the
lowest N content, had the worst litter quality
compared to other species. When mixed with
L. principis-rupprechtii, we noted that this
mixture strongly promoted nutrient release as
a whole, especially the release of Cd, Fe, and
Mn. It only slightly inhibited the release of P.
In addition, P. orientalis, which had a moder-
ate litter quality, inhibited nutrient release
as a whole, especially the release of P and
the 6 microelements. These phenomena cor-
roborated previous findings of Musvoto et al.
(2000) and Bayala et al. (2005), but were in
contrast with findings reported by Kwabiah et
al. (1999) and Ball et al. (2009).

It is remarkable that this study only ac-
cessed the effects of initial nutrient contents
and their ratios in the litter on nutrient release
during decomposition, but actually, it is also
affected by the contents of lignin (Aerts and
de Caluwe 1997, Gnankambary et al. 2008,
Hattenschwiler and Jorgensen 2010), cellou-
lose (Xu and Hirata 2005), tannins (Loranger
et al. 2002), phenols (Hoorens et al. 2003,
Gnankambary et al. 2008), and cutins (Gal-
lardo and Merino 1993) which have com-
plicated structures and compositions; thus,
further studies are still needed to improve our
findings.

Nutrient transformation between differ-
ent litters in the mixture is widely accepted
as an explanation for the impacts of mixed-
species decomposition on nutrient release.
According to this, nutrients that are released
from a litter of high quality can be immobi-
lized in low-quality litter by microbiological
activities, which therefore influence nutrient
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release rates of the mixture (Hattenschwiler et
al. 2005, Schimel and Hattenschwiler 2007).
Besides, decomposition of leaf litter is a com-
plex process, and it is also obviously influ-
enced by the soil properties of the incubation
medium. Li et al. (2012) observed that after
a 120-d incubation of litter mixtures from L.
principis-rupprechtii and P. orientalis or P.
tabulaeformis, properties of the soil, such as
microbe quantity, enzyme activity, pH etc.,
had been altered to some extent or signifi-
cantly. Kourtev et al. (2000) investigated the
effects on soil properties of mixed-species lit-
ter decomposition from Berberis thunbergii,
Microstegium vimineum, Quercus prinus, and
Betula lenta, and suggested that the activities
of soil cellulase, aminopeptidase, and phos-
phatase activity were altered after incubation.
Similar changes in soil urease, invertase, and
dehydrogenase were reported by Hu et al.
(2006) in a study on the mixed litter decom-
position from Codonopsis lancceolata, Alnus
cremastogyne, and Liquidambar formosana.
Kaneko and Salamanca (1999) observed that
soil biological abundance obviously improved
after mixed litter decomposition. These altera-
tions in the soil in turn affected the processes
of decomposition and nutrient release, as mix-
ing of different litters could lead to a comple-
ment in nutrient types and contents, which
provided a more-favorable environment for
soil microorganisms with different nutritional
requirements. In this way, the microbe quanti-
ty and activity, and community structure were
optimized, and a good microbial system in
turn accelerated the decomposition of the leaf
litter (Yang et al. 2011). In addition, changes
in soil enzyme activity would affect decom-
position and nutrient release of some specific
substances.

Our results indicated that viewed only in
terms of the effects of mixed-species leaf lit-
ter decomposition on nutrient release, L. prin-
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cipis-rupprechtii is suitable to form mixed
forests with U. pumila, P. tabulaeformis,
or B. platyphylla, but is not suitable with P.
orientalis, R. pseudoacacia, or P. simonii.
However, because a concordant interspecific
relationship covers many aspects, we still
need to study competition of ecological fac-
tors including light, heat, water, air, nutrients,
and others between species that are planned
to form mixed forests.
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