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Abstract
& Key message The mixture of decomposing litter from three predominant tree species in a Masson pine (Pinus
massoniana Lamb.) forest showed advantages in elemental cycling, and the species component identities were found to
be an important driver for the release of several metallic elements.
& Context Although mixed forests have long been considered essential to sustainable forestry management, little information is
available regarding the effects of the mixed planting of predominant afforestation species on several metallic elements during
litter decomposition in the Three Gorges Reservoir region, China.
& Aims The objectives of this study were to investigate the potential nonadditive effects on element loss from decomposing litter
and to estimate the relationship between the mixing effect and the change in litter quality with environmental hydrothermal
dynamics.
& Methods Treatments with one, two, or three species of pine, oak (Quercus variabilis Bl.) and cypress (Cupressus funebris
Endl.) based on equal litter mass proportions were used in a field litter bag experiment, and the release of potassium, calcium,
magnesium, manganese, iron, copper, zinc, and sodium was measured.
& Results Over the 360-day incubation period, most elements decayed faster in oak litter than in the other single-species
treatments. A comparison of the litter mixtures revealed that most elements displayed their slowest decay in the pine+cypress
combination, whereas the decay values obtained with the cypress+oak or pine+oak combinations were generally greater than
those obtained with the pine+cypress+oak combination. Increases in the nonadditive effect on the release of metallic elements,
with the exception of calcium, magnesium, and copper, were found in the different phases compared with the incubation time.
Changes in elemental traits and environmental hydrothermal dynamics can regulate mixing effects on elemental decay in litter
mixtures.
& Conclusion The mixing of the studied tree species can alter elemental cycling in plantations, and mixed planting with oak
appears to strengthen the cycling process.
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Nonadditive effect .Pinus massoniana .Quercus variabilis

1 Introduction

As a nutrient release process, leaf litter decomposition is an
important pathway for the cycling of matter from plants to soil
in forest ecosystems (Jonczak et al. 2014; Zhu et al. 2017).
The rate of the release of metallic elements from litter is reg-
ulated by multiple factors, such as the chemical characteristics
of the elements (Staaf and Berg 1982; Yue et al. 2019), the
litter traits of the plant litter species and other factors related to
the climate and in situ decomposers during the decomposition
process (Swift et al. 1979). Potassium (K), calcium (Ca), and
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magnesium (Mg) are usually released from leaf litter to soil
during the decomposition process, whereas some trace ele-
ments, such as copper (Cu), zinc (Zn), manganese (Mn), and
sodium (Na), are usually preferentially retained by microbes
and show increased concentrations during the early phase of
leaf litter decomposition (He et al. 2015; Jonczak et al. 2014).
Thus, the elemental traits of litter likely significantly regulate
the element dynamics in decomposing litter (Cornwell et al.
2008). The characteristics of the release of multiple metallic
elements from different types of litter have been well studied
(Jonczak et al. 2014; Lomander and Johansson 2001); how-
ever, the effects of species mixing on the release of these
elements have seldom been investigated (Aponte et al. 2012).

The development of plantations related to the global com-
mercial timber industry has been increasing (Wu et al. 2014).
However, mixed forests have long been considered essential
to sustainable forestry management (Brunel et al. 2017;
Rodriguez-Loinaz et al. 2008). A higher biodiversity creates
more varied habitats (Liu et al. 2016), enhances resilience to
disturbances (FAO 2015), and can also improve matter cy-
cling if the tree species composition is selected well (Zeng
et al. 2018). However, alterations in the total physical surface
of the in situ litter caused by different levels of component
species have varying effects on the release of elements from
mixed litter (Aponte et al. 2012). Theoretically, the physical
abrasion or breakdown of litter mixtures involves several dif-
ferent processes (Swan et al. 2009), and scarce components
might be transferred from decomposable litter to more resis-
tant litter by fungal mycelia (Finzi and Canhamb 1998; Liu
et al. 2016), thus contributing to the decomposition process. In
contrast, the decomposition process might be inhibited by the
identity of some specific species that possess abundant anti-
microbial compounds such as tannins and polyphenols
(Harrison 1971; Vivanco and Austin 2008). Accordingly, on-
ly considering the release characteristics of single-species
components would not result in an accurate assessment of
the dynamics of the decomposition of litter mixtures
(Gartner and Cardon 2004). Multiple metallic elements, in-
cluding some essential plant nutrients, such as K, Ca, and
Mg, can play crucial roles in plant physiology, whereas others,
such as Cu and Zn, can exert toxic effects on organisms when
they exceed certain levels (Yue et al. 2016). A thorough un-
derstanding of the metallic element dynamics and their non-
additive effects associated with in situ litter decomposition is
therefore indispensable for a better understanding of their role
of plant communities and ecosystem function (Chapin III et al.
2002).

In the Three Gorges Reservoir area of China, tree species of
Masson pine (Pinus massoniana Lamb.), weeping cypress
(Cupressus funebris Endl.), and cork oak (Quercus variabilis
Bl.) have been widely planted (Ge et al. 2015). Decision
makers usually implement mixed planting with two of these
three species or all three species for the development of

sustainable plantations (Zeng et al. 2018). Previous studies
(Ge et al. 2015; Sun et al. 2012) and our recent work (Zeng
et al. 2018) investigated the decay rate and nutrient release
dynamics from litters obtained from one or more of these
species. These results confirmed that the three dominant af-
forestation tree species in this area could facilitate the decom-
position of litter mixtures in terms of mass loss and the release
of carbon, nitrogen, and phosphorus, but the simultaneous
release process of multiple metallic elements remains unex-
plored. The objectives of this study were (1) to assess the
potential nonadditive effects of mixed leaf litter on the release
of multiple metallic elements during decomposition and (2) to
explore the relationship of the potential mixing effect and the
changing litter quality (i.e., C, N, P, and metallic elements)
with environmental hydrothermal dynamics. The ability of
oak to improve mixed litter nutrient cycling (in terms of mass
loss and the release of C, N, and P) during decomposition
makes it a preferential tree species for mixed planting with
cypress and pine (Zeng et al. 2018). The mechanisms under-
lying the synergistic interactions observed in mixtures with
oak litter can be summarized as the transfer of abundant sol-
uble materials and a heterogeneous physical habitat for
decomposing organisms in a “mixed litter ecosystem” (He
et al. 2019). Therefore, we hypothesized that oak leaf litter is
of higher litter quality compared with that of pine and cypress
(the corresponding lignin:N ratios are 6.8 ± 0.4, 11.7 ± 0.0,
and 14.0 ± 0.3, respectively) and might also facilitate the cy-
cling of metallic elements during mixed litter decomposition.

2 Materials and methods

2.1 Experimental design

We conducted a field litter bag experiment in a representative
pine (Pinus massoniana Lamb.) forest in the Three Gorges
Reservoir area of China (Zigui County, 110° 00′–111° 18′ E,
30° 38′–31° 11′ N, 362 m a.s.l.) (He et al. 2020). The area has
an annual average temperature of 18 °C, with maximal 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 the annual
precipitation occurs from April to September. The local trees
are dominated by Pinus massoniana Lamb., Cupressus
funebris Endl., and Quercus variabilis Bl., although
Cunninghamia lanceolata Hook. and Pinus tabuliformis
Carr. are also common. The understory shrubs are dominated
by Camellia oleifera Abel., Loropetalum chinense Oliv.,
Viburnum erosum Thunb., Echinochloa crus-galli (L.) P.
Beauv., Dicranopteris linearis Underw., and other species.
The soils are dominated by Haplic luvisol. A complete de-
scription of the study site was published by Zeng et al.
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(2018). The experiments were performed in three replicate
plots (5 × 5 m) with similar canopy structures that were locat-
ed at least 200 m from one another within the pine forest.

The soil and litter of the species used for the incubation
experiment were collected from natural pine, cypress
(Cupressus funebris Endl.) and oak (Quercus variabilis Bl.)
forests in November 2014. The collected leaf litter was air-
dried for 2 weeks at room temperature. For preparation of the
litter bags, 10 g of air-dried samples from each species with
three replicates each were collected and oven-dried at 65 °C
for 48 h to calculate the moisture correction factor. For each
litter bag used for each treatment, 15 g of air-dried litter sam-
ple was placed in 15 × 15 cm nylon bags with a 1.0-mm mesh
width. Seven combination treatments were used to assess the
nonadditive effects: individual litter bags of pine, cypress, and
oak, pairwise combinations of the three species (i.e., pine+
cypress, pine+oak, and cypress+oak, 7.5 g of each component
species), and a combination of all three species (pine+cy-
press+oak, 5 g of each component species). During the prep-
aration of the litter bags in the laboratory, subsamples from
each oven-dried litter were analyzed to determine the initial
nutrient concentrations (Fig. 1 and Table 1).

To avoid the “home-field” advantage (Ayres et al. 2009;
Chomel et al. 2015) and ensure similar initial microbial com-
positions, topsoil was collected from the 0 to 10 cm layer of
the three natural forests from which the litters were collected.
After removal of the coarse materials, these soils were mixed,
sieved through a 2-mm sieve, and then used to fill plastic pots
measuring 15 cm (diameter) × 20 cm (height). The basic soil
properties of the mixture were as follows: organic C, 22.42 ±
0.20 g kg−1; total N, 0.75 ± 0.01 g kg−1; total P, 0.25 ±
0.01 g kg−1; available P, 5.00 ± 0.20 mg kg−1; total K, 7.38
± 0.12 g kg−1; and pH, 4.65 ± 0.02 (n = 5).

A total of 378 plastic pots with litter bags (3 plots × 7 litter
treatments × 3 replicates × 6 sampling events) were randomly
placed on the floor of the established experimental plots on
December 6, 2014, and each of the placed pots was held by
sticks. Nylon gauze (0.05-mm mesh width) was placed over
the experimental plots to exclude the litterfall from the stand-
ing forest. To quantify the temporal mixture effects and their
relationships with the changing litter substrates and local en-
vironmental factors, we sampled the litter bags six times dur-
ing the a 1-year incubation period, namely after 60, 120, 180,
240, 300, and 360 days of incubation. Temperature and

Fig. 1 Dynamics of the metallic element concentrations and remaining mass in the treatments (P. +C., P. massoniana + C. funebris; P. +Q., P.
massoniana + Q. variabilis; and so on) over the decomposition time (means ± SEs, n = 3)
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precipitation data were collected from the local weather sta-
tion (Fig. 2).

2.2 Analyses and calculations

After the foreign roots were removed from the litter bags, the
retrieved litter was oven-dried at 65 °C to a constant mass (at least
48 h) and then weighed. Thereafter, the oven-dried samples were
ground in a mill and then sieved through a 0.3-mm mesh screen

for measurements of the elemental concentrations. The powdered
leaf litter from both the initial and decomposed samples was
solved in a concentrated acidic mixture of HNO3-HClO4 (5:1,
v/v) and heated at 160 °C for 5 h. The concentrations of K, Ca,
Mg, Mn, Fe, Cu, Zn, and Na were determined using an induc-
tively coupled plasma mass spectrometer (ICP-MS, IRIS
Advantage 1000, Thermo Elemental, Waltham, MA, USA)
(Yue et al. 2016). The methods used to determine the initial con-
centrations of C, N, P, and lignin were described by Zeng et al.
(2018) and He et al. (2019).

To characterize the abiotic factors in each sampling phase
(defined as the time from the previous to the current sampling
dates), the average temperature (AT) and cumulative precipitation
were calculated from the daily mean temperatures and precipita-
tion (Table 2). The release of multiple metallic elements (R) dur-
ing each phase of incubation was calculated as follows:

Rt %ð Þ ¼ C t−1ð Þ−Ct
� �

=Ct0 � 100 ð1Þ

whereC(t-1) andCt represent the content (mg) ofmetallic elements
on the previous and current sampling dates, respectively, and Ct0

is the initial content of the metallic elements. The cumulative
element release during the total decomposition time was the

Fig. 2 Dynamics of the daily average temperature (a) and precipitation
(b) from December 6, 2014, to November 30, 2015 (totaling 360 days of
exposure). The X-axis shows the decomposition time in days from the
time of litter bag placement

Table 2 Average temperature (AT, °C) and accumulated precipitation
(mm) at each phase of the decomposition process

Phase AT Cumulative precipitation

0–60 days 6.8 20.6

61–120 days 10.9 128.9

121–180 days 19.6 252.2

181–240 days 25.2 253.2

241–300 days 24.6 296.0

301–360 days 15.2 144.9

Table 1 Initial litter chemistry
(means ± SEs, n = 3) Treatments Carbon

(g·kg−1)
Nitrogen
(g·kg−1)

Phosphorus
(g·kg−1)

Lignin (%) C/N Lignin:N

Pinus
massoniana
(P.)

438.1 ± 3.5a 16.3 ± 0.3c 0.42 ± 0.01c 22.9 ± 0.1b 26.8 ± 0.3a 14.0 ± 0.3a

Cupressus
funebris (C.)

380.9 ± 1.5c 22.2 ± 0.1b 0.73 ± 0.02b 26.1 ± 0.1a 17.1 ± 0.1b 11.7 ± 0.0b

Quercus
variabilis (Q.)

424.6 ± 0.2b 27.5 ± 0.0a 0.81 ± 0.01a 18.8 ± 1.2c 15.4 ± 0.0c 6.8 ± 0.4c

P. +C. 409.5 ± 2.2 19.3 ± 0.1 0.58 ± 0.02 24.5 ± 0.1 21.2 ± 0.0 12.7 ± 0.1

P. +Q. 431.3 ± 1.8 21.9 ± 0.2 0.61 ± 0.01 20.8 ± 0.7 19.7 ± 0.1 9.5 ± 0.2

C. +Q. 402.7 ± 0.9 24.9 ± 0.0 0.77 ± 0.02 22.4 ± 0.7 16.2 ± 0.0 9.0 ± 0.3

P. +C. +Q. 414.5 ± 1.5 22.0 ± 0.1 0.65 ± 0.01 22.6 ± 0.5 18.9 ± 0.0 10.3 ± 0.2

Treatments: P + C, P. massoniana + C. funebris; P + Q, P. massoniana + Q. variabilis; and so on

Different lowercase letters indicate a significant difference between individual species for a given variable at
P < 0.05
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sum of the corresponding values found for the different phases.
To assess the nonadditive effects, the expected metallic

release (TR) from the litter mixtures (calculated from the ob-
served release characteristics observed for the single-species
treatment of the corresponding component) was calculated
using the following formula (Gartner and Cardon 2004):

TRt %ð Þ ¼ RAt þ…þ Rntð Þ=N ð2Þ
where N is the number of species in the mixture and Rnt is the
measured elemental release in the bag containing only the nth
species.

2.3 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 the release of multiple metallic elements. The mixing
effects were classified as significant nonadditive effects if signif-
icant differences were found between the observed and expected
values (Mao and Zeng 2012; Hättenschwiler et al. 2005).
Furthermore, in the current study, an observed value that was
significantly greater than the expected value indicated a signifi-
cantly synergistic effect, whereas an observed value that was sig-
nificantly less than the expected value represented a significantly
antagonistic effect.

In addition, prior to statistical analysis, the data were tested for
normality and homogeneity (arcsin(x^0.5) transformation was
used in the case of no homogeneity). After the general ANOVA
hypothesis was verified, detailed post hoc mean comparisons of
significant differences in the litter variables among the treatments
were performed using Tukey’s HSD. The sampling time and a
nested factor of the litter mixture treatments were inputted as fixed
factors into an univariate ANOVA, and a two-way ANOVA of
the nested model was used to examine the effects of the two
factors on the release of multiple metallic elements. A univariate
regression analysis was conducted using the release of multiple
metallic elements at the different phases as the response variable
and the temporal chemical traits or abiotic factors as the predictor
variables. The same approach was used to assess the effect of the
litter mixture on the release of multiple metallic elements (i.e.,
observed value minus expected value) at each phase as the re-
sponse variable. The Statistical Product and Service Solutions
program (SPSS 21.0 for Windows; SPSS Inc., Chicago, IL,
USA) was used to perform all the analyses.

3 Results

3.1 Metallic element release rates

The metallic element release rates both increased and de-
creased during the decomposition time, as shown in Fig. 3.

Over the 360-day decomposition period, the initial litter ele-
ment mass showed 697.9% accumulation to 91.2% loss de-
pending on the litter treatments and the type of metallic ele-
ment. The release rate of all the investigated metallic elements
from the mixed litters was not lower than the lowest values or
higher than the highest values obtained for the single-species
treatments with the corresponding species (except for the re-
lease of Ca and Na after 240 days).

After 60 days of decomposition (Fig. 3), the release of K
and Na from oak litter was significantly faster than the rates
from the other two single-species litters (F = 8.8 to 744.9,
P < 0.05). A similar trend was found for the release of Ca,
although the release rate from cypress litter after 240 days
was significantly higher (F = 45.7 to 74.6, P < 0.001). The
comparisons of the three single-species litter treatments re-
vealed that the fastest release of Mg, Mn, Cu, and Zn was
obtained with oak litter (F = 5.4 to 1158.0, P < 0.05), although
negative values for the release of these elements (i.e., accu-
mulation) were sometimes obtained with the other two litter
treatments. Substantial accumulation of Fe was observed, and
a higher accumulation of this element was found in oak litter
(F = 109.5 to 4522.6, P < 0.001).

The comparisons of the litter mixtures showed that the
release rates of K, Mg, Mn, Zn, and Na from pine+cypress
litter were almost always lower than those found with the
other three mixed treatments (24 of 30 cases, Fig. 3). Some
of the highest Mg and Cu release rates were observed with the
pine+cypress+oak combination, and the highest release rates
of K, Ca, Mg, Mn, Zn, and Na obtained with the pine+oak or
cypress+oak combinations were greater than those found with
the pine+cypress+oak combination. The accumulation of Fe
was lowest in the pine+cypress combination and highest in the
pine+oak combination. Moreover, the statistical analyses
showed that changes in the litter quality and environmental
factors (average temperature and/or cumulative precipitation)
can have significant influences on the release of multiple ele-
ments at different phases, regardless of whether the litter is
from a single species or multiple species (Table 3).

3.2 Synergistic or antagonistic interactions in litter
mixtures

The nonadditive effects obtained for all the investigated me-
tallic elements in the tested mixtures (four mixtures and six
sampling dates) showed variations among the combinations
and decomposition times (Fig. 4). Among the tested metallic
elements, immediate significant synergistic or antagonistic ef-
fects (exposure for only 60 days) was found on the releases of
K, Mn, Fe, Cu, Zn, and Na. Significant antagonistic interac-
tions on the release of Ca andMgwere found after 120 days of
decomposition. However, no nonadditive effect was found on
the release of K,Mg, and Zn among the tested combinations at
the end of the study period. Significant synergistic interactions
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on the release of K, Ca, Mg, Mn, Fe, Cu, Zn, and Na
accounted for 29.2%, 41.7%, 16.7%, 4.2%, 25.0%, 33.3%,
8.3%, and 37.5% of all cases, respectively (corresponding to
7, 10, 4, 1, 6, 8, 2, and 9 significant synergistic interactions
among 24 cases). Significant antagonistic interactions on the
release of K, Ca, Mg, Mn, Fe, Cu, Zn, and Na accounted for
4.2%, 12.5%, 12.5%, 79.2%, 50.0%, 20.8%, 8.3%, and 37.5%
of all cases, respectively (corresponding to 1, 3, 3, 19, 12, 5, 2,
and 9 significant antagonistic interactions among 24 cases).

For all the sampled mixtures (four mixtures and six incu-
bation phases), the incidence of significant nonadditive effects
on the release of the investigated metallic elements, with the
exception of Ca, Mg, and Cu, increased over the different
phases compared with decomposition time (Fig. 5).
Specifically, 58.4%, 62.5%, 79.2%, 45.8%, 50.0%, and
87.5% of the cases showed significant interactions on the re-
lease of K,Mn, Fe, Zn, and Na, respectively (corresponding to
14, 15, 19, 11, 12, and 21 significant synergistic and antago-
nistic interactions among the 24 cases). Regression analyses
revealed that dynamic environmental factors can exert a sig-
nificant effect on the release of Mg, Mn, Fe, Cu, Zn, and Na.
Notably, the mixing effects on the release of Mg, Mn, and Fe

were closely correlated with changes in the quality of the
investigated elements (Table 4).

4 Discussion

4.1 Effect of the species composition on release
of metallic elements from litter combinations

The results of this study indicated that the tree species and
composition altered the metallic element release dynamics
and induced nonadditive effects during the course of decom-
position. In addition, regardless of the differences in the decay
characteristic of multiple metallic elements, the pattern found
for the release of these metallic elements from litter mixtures
showed significant differences among the diverse combina-
tions. Previous studies have suggested that each of the pre-
dominant afforestation tree species in the Three Gorges
Reservoir area plays a unique role in the nutrient cycling pro-
cess associated with decomposition in planted-forest ecosys-
tems (Zeng et al. 2018).

Fig. 3 Metallic element release
rates from monospecific and
mixed leaf litters of
P. massoniana, C. funebris, and
Q. variabilis during 360 days of
decomposition (the values are
presented as the means ± SEs, n =
3). The two-way ANOVA (the
litter mixture treatment was treat-
ed as a nested factor) results sug-
gest that the litter mixture treat-
ment (F(6,84) = 14.873 to
1098.045, P < 0.001) and decom-
position time (F(35,84) = 16.569 to
572.851, P < 0.001) have signifi-
cant effects on the cumulative
metallic element release rates.
Different lowercase letters indi-
cate significant differences
(P < 0.05) among different litter
types for the same decomposition
time
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We hypothesized that the tested oak species, which showed
superior decay characteristics in terms of litter quality (rela-
tively less recalcitrant characteristics), could accelerate the
decomposition process of the other tree species. Indeed, the
decomposition characteristics of most metallic elements
displayed faster release rates from oak litter than from the
other two single-species litters in the current study (Fig. 3).
However, with the exception of the release of Ca and Na after
240 days, the release rates of all the investigated metallic
elements from the mixtures were not lower than the lowest
values or higher than the highest values obtained with the
corresponding single-species treatments. The results were
consistent with the present consensus, which agrees that an
admixture of higher-quality litter can accelerate the decompo-
sition of more resistant litters and vice versa (Briones and
Ineson 1996; McTiernan et al. 1997; Cuchietti et al. 2014;
Wu et al. 2014). Among the tested mixtures, lower and higher
release rates for most metallic elements were always obtained
with the pine+cypress combination and the pine+oak or cy-
press+oak combination, respectively. Among the three tree
species, oak had relatively higher N and lower lignin/N
(Table 1). The increase in abundance of pine and oak litter
seemed to significantly decrease and increase the release rates
from mixed litter, respectively. These findings coincide with
the theory that the identity of specific species is an important
driver of the overall diversity effect on decomposition
(Gessner et al. 2010; Pérez et al. 2007). Thus, for the acceler-
ation of element circulations, oak should be used as the pref-
erential tree species for mixed planting in the Three Gorges

Reservoir area of China based on its contribution to elemental
cycling.

Interestingly, we observed that most of the metallic ele-
ments exhibited greater release or accumulation rates in the
pine+oak or cypress+oak combination compared with the
pine+cypress+oak combination (Fig. 3). Previous studies
have indicated that the species composition influences the
nonadditive effects in litter mixtures (Lecerf et al. 2007;
Wu et al. 2013), whereas other studies have suggested that
increased species diversity can increase the incidence of
nonadditive effects (Hättenschwiler et al. 2005; Keith
et al. 2008; Duan et al. 2013). The results of the current
study further suggest that the species composition rather
than the species richness (although the species richness
was only three in our study) has a significant influence on
nonadditive decomposition of multiple metallic elements in
mixed plantations of the three predominant species in the
Three Gorges Reservoir area of China. A recent study by
Steinwandter et al. (2019) also showed that higher-quality
litter had more positive effects on a low-quality litter (the
litter quality of components in a combination is a key fac-
tor), although accelerated decomposition rates were found
in a three-species treatment. Multiple element release by
both single-species and mixed-species treatments exhibits
a significant relationship with changing litter quality
(Table 3), and these results also support the hypothesis that
specific species (Swift et al. 1979) and species composition
(Gartner and Cardon 2004) are more influential than other
factors on the decomposition process.

Fig. 4 Effects of the treatments
on the metallic element release
rates during decomposition. The
values are presented as the means
± SEs (n = 3). A positive value
indicates that the observed value
is greater than the expected value
and vice versa. Statistical
significance levels: *, P < 0.05;
**, P < 0.01; and ***, P < 0.001.
The inset values indicate the
proportion of the corresponding
significant interactions
(synergistic and antagonistic
interactions above and below the
zero line, respectively) in a total
of 24 cases. Treatments: P. +C.,
P. massoniana + C. funebris;
P. +Q., P. massoniana + Q.
variabilis; and so on

46    Page 8 of 12 Annals of Forest Science (2020) 77: 46



Table 4 Regression analyses of the mixing effect on metallic element release rates (%, calculations are based on each phase as a result of observed
value minus expected value) and changes in the chemical traits and environmental factors

Index C N P K Ca Mg Mn Fe Cu Zn Na AT Cumulative
precipitation

K
release

0.031 0.076 0.001 0.026 0.001 0.004 0.002 0.001 (+)
0.06-
4*

(+)
0.10-
6***

0.053 0.007 0.007

Ca
release

0.028 (+)
0.08-
2*

0.028 0.001 0.026 0.015 0.004 0.003 (+)
0.09-
1*

0.011 0.027 0.039 0.035

Mg
release

0.024 0.002 0.038 (−)
0.08-
6*

(−)
0.10-
5**

(+)
0.15-
7**

0.013 (+)
0.186-
***

(+)
0.54-
8***

(+)
0.18-
0***

(−)
0.09-
7**

(+)
0.378-
***

(+) 0.093***

Mn
release

(−)
0.16-
3***

(−)
0.18-
5***

(−)
0.20-
4***

(−)
0.17-
1***

(−)
0.15-
0**

(+)
0.21-
9***

0.002 (+)
0.195-
***

0.029 0.014 0.000 (+)
0.202-
***

(+) 0.205***

Fe release 0.014 0.003 0.003 0.045 0.047 (+)
0.12-
6**

0.009 (+)
0.118-
**

(+)
0.56-
6***

(+)
0.27-
8***

0.002 (+)
0.273-
***

(+) 0.277***

Cu
release

0.006 0.027 0.000 0.032 0.030 0.001 0.008 0.000 (+)
0.09-
4**

(−)
0.08-
2*

0.017 (+)
0.117-
**

(+) 0.063*

Zn
release

0.025 0.016 0.002 0.006 0.008 0.024 0.860 0.206 (+)
0.10-
7**

(+)
0.10-
7**

0.010 (+)
0.061*

0.032

Na
release

0.003 0.016 0.042 0.012 0.033 0.029 0.000 0.031 (+)
0.20-
8***

0.019 0.007 (+)
0.124-
**

(+) 0.028*

The values shown are the determination coefficients (R2 ) obtained from the regression analyses, which were conducted using the mixing effects on the
metallic element release rate (the observed value minus the expected value) as the response variables and the changes in the chemical traits or
environmental factors as the predictor variables over the 360-day decomposition experiment

AT, average temperature; (+), positive relationship; (−), negative relationship; significance (italics): * P < 0.05; ** P < 0.01; *** P < 0.001; n = 52 (A);
n = 72 (B)

Fig. 5 Effects of the treatments
on the metallic element release
rates at different decomposition
phases. The values are presented
as the means ± SEs (n = 3). A
positive value indicates that the
observed value is greater than the
expected value and vice versa.
Statistical significance levels: *,
P < 0.05; **, P < 0.01; and ***,
P < 0.001. The inset values
indicate the proportion of
corresponding significant
interactions (synergistic and
antagonistic interactions above
and below the zero line,
respectively) in 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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4.2 Effects of changes in litter quality
with environmental hydrothermal dynamics
on nonadditive metallic element release

K, Ca, and Mg are essential macronutrients for plant growth,
and their release pattern in decomposing litter can display a
release tendency that is even faster than that of N and P
(Prescott 2005). The mechanism underlying this high release
rate depends on the mobile characteristics of these elements
and is easily influenced by leaching (Edmonds and Tuttle
2010). In our study, however, the nonadditive effects of Ca
and Mg were found after 120 days of incubation (no obvious
release was detected during the first 60 days) (Fig. 4). In ad-
dition, the nonadditive effects of Ca, Mg, and Cu decreased
during the various decomposition phases compared with de-
composition over time (Figs. 4 and 5), which suggested that
the relative “difficulty” in the release of these elements in-
duced less frequent interactions during a short decomposition
time. This phenomenon might be explained by the improved
physical microenvironmental conditions for decomposition
obtained with an admixture of diverse types of litter with
different surface shapes (Makkonen et al. 2013). The “hold
back” for component litter in mixtures might mask the syner-
gistic interactions, and a net additive or nonadditive release
might thus be observed for these elements. In contrast, our
findings suggest that planting a mixture of the three predom-
inant afforestation trees can exert immediate mixing effects on
the release of the remaining metallic elements that were inves-
tigated in this experiment.

In addition, although Na is not an important element for
plants, it is essential for litter decomposers (particularly soil
microbes) (Yue et al. 2016), which can, in turn, regulate the
decomposition process and the simultaneous elemental decay
dynamics (Table 3). A previous study reported that litter de-
composers must assimilate Na at rates up to approximately
100- to 1000-fold higher than those of the decomposing litter
to retain a Na balance (depending on the metabolic needs of
the specific microbes) (Cromack et al. 1977). This result sug-
gests that the decay pattern of Na can show marked variations
according to the Na balance of the litter decomposers because
neither insufficient nor excessive Na would be favorable for
consumers (Jia et al. 2015). In our study, the Na in all the
treatments showed accumulation during the first 60 days of
incubation and then exhibited release as the decomposition
process continued to proceed, which is similar to the results
reported byYue et al. (2016). Importantly, our findings further
suggest that mixed tree planting can facilitate the release of Na
after incubation for 240 days (due to nonadditive effects
during the decomposition process, Fig. 3).

Furthermore, previous experiments on the decomposition
of various species and sites have documented both the release
(Aponte et al. 2012; Lomander and Johansson 2001) and the
accumulation (Jonczak et al. 2014; Windham et al. 2004)

dynamics ofMn, Fe, Cu, and Zn. In our study, the litter quality
changed as decomposition progressed; thus, the litter quality
can showmarkedly variations among different decomposition
phases and litter mixtures (Fig. 1) and thereby influences the
element release pattern and the associated nonadditive effects
(Figs. 3 and 5). Our results, consistent with those obtained in
previous studies, indicate that the sorption of metallic metals
in decomposing litter might contribute to potential mecha-
nisms, such as the formation of chelates and complexes
(Odum and Drifmeyer 1978) and the accumulation of ele-
ments from the external environment by fungi (particularly
Fe in our study) (Gadd and Griffiths 1978), whereas release
is observed if the amount of an element exceeds a certain
threshold (Edmonds and Tuttle 2010). In addition, in this
study, we presented the release or sorption of elements weight-
ed by their initial content. Notably, “concentration effects”with
environmental hydrothermal dynamics may have a large influ-
ence on the release or sorption processes that strengthen the
influence of biological fixation. The findings obtained in this
study further suggest that specific decomposition phases
(caused by different elemental traits and environmental hydro-
thermal dynamics) can regulate mixing effects on elemental
decay in litter mixtures. Moreover, we found that the mixing
effects on the investigatedmetallic elements, with the exception
of Mn, were significantly related to most of the changes in the
quality of the metallic elements and the environmental factors.
Because Mn is essential for the activity of Mn peroxidase and
lignin-degrading enzymes (Perez and Jeffries 1992), the fact
that Mn was an exception to the pattern might be explained
by the lower net effects of multiple processes as mass loss
progresses (Aponte et al. 2012).

5 Conclusion

In summary, our results indicate that the implementation of
mixed planting with Masson pine (Pinus massoniana Lamb.),
weeping cypress (Cupressus funebris Endl.), and cork oak
(Quercus variabilis Bl.) trees could alter the decay dynamics
of multiple metallic elements in litter mixtures and induce
nonadditive effects as decomposition proceeds. In support of
the current consensus, K showed a consistently rapid release
rate and could exhibit synergistic interactions in the litter mix-
tures. However, Ca and Mg had rapid release rates but hyster-
etic and lower incidences of nonadditive effects. These results
indicate that the chemical characteristics of the elements reg-
ulate their decay processes. In addition, although the release
rates of Mn, Fe, Cu, Zn, and Na showed marked variations,
our results confirmed that their release was facilitated in the
litter mixtures. The findings obtained in this study suggest that
the species compositions and specific decomposition phases
can regulate the mixing effects on elemental decay in litter
mixtures. Furthermore, the greater release or accumulation
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of metallic elements obtained with the pine+oak and cypress+
oak combination compared with the pine+cypress+oak com-
bination further indicates that the magnitude of the mixing
effects relies more on the species composition than on the
species richness. The present study also showed that the litter
quality of oak exhibited superior (relatively less recalcitrant)
characteristics that likely contribute to the cycling of most
element cycles, and thus, to the acceleration of element circu-
lation in situ. Our results suggest that broad-leafed species,
such as Quercus variabilis, are preferential tree species for
mixed planting with coniferous species (such as Pinus
massoniana and Cupressus funebris in the study area). This
research provides a better understanding of the fate of multiple
metallic elements in situ and provides useful information for
the process management of selected tree species. Researchers
should further investigate the decomposition dynamics on
mixed forest floors directly and consider the realistic mass
ratio of natural litter components.
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