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Abstract  In riparian forests, litter decay provides essential 
energy and nutrients for both terrestrial and fluvial ecosys-
tems. Litter mixing effects (LMEs) are crucial in regulating 
litter decay and nutrient dynamics, yet how LMEs change 
over time is unclear in riparian forests. In this study, leaf 
litter of three common species (Alnus sibirica Fisch. ex 
Turcz, Betula platyphylla Sukaczev, and Betula fruticosa 
Pall.) were mixed in an equal mass ratio and LMEs were 
measured for mass and nitrogen (N) remaining in whole lit-
ter mixtures over a 3-year period in a boreal riparian forest, 
northeastern China. LMEs were also assessed for component 
litter mass and N remaining by separating litter mixtures by 
species. During the decay of litter mixtures, antagonistic 
effects on mass and N remaining were dominant after one 
and two years of decay, whereas only additive effects were 

observed after three years. LMEs correlated negatively with 
functional diversity after the first and two years of decay but 
disappeared after three years. When sorting litter mixtures 
by species, non-additive LMEs on mass and N remaining 
decreased over incubation time. Moreover, non-additive 
LMEs were more frequent for litter of both B. platyphylla 
and B. fruticosa with lower N concentration than for A. 
sibirica litter with higher N concentration. These results 
indicate that incubation time is a key determinant of litter 
mixing effects during decay and highlight that late-stage lit-
ter mixture decay may be predicted from single litter decay 
dynamics in boreal riparian forests.

Keywords  Biodiversity · Litter quality · Litter mixtures · 
Synergistic effects · Functional diversity

Introduction

In forests, litter decay regulates the formation of soil organic 
matter, nutrient cycling, and plant production (Prescott 2010; 
Kou et al. 2020). The rate of litter decay is primarily con-
trolled by climate (Zhang et al. 2008; Canessa et al. 2022), 
litter quality variables (Xu et al. 2016; Zhang et al. 2019), 
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and soil decomposers (Kominoski et  al. 2011; Njoroge 
2022). On the forest floor, litter of different species often 
mixes, producing litter mixing effects (LMEs) on decay. Pre-
vious studies have found that non-additive effects (i.e., the 
observed decay rate differs from the expected one) are more 
common than additive effects (i.e., the observed decay rate 
is equal to the expected one) (Hättenschwiler et al. 2005; 
Kou et al. 2020; Liu et al. 2020). Therefore, the prevalence 
of non-additive LMEs makes litter mixture decay unpredict-
able, based on monospecific litter decay in forests.

Litter mixture decay rates are reported to be faster (i.e., 
synergistic effects) or slower (i.e., antagonistic effects) than 
values calculated from monospecific litter decay rates (Hät-
tenschwiler et al. 2005; Zhang et al. 2019; Liu et al. 2020). 
During mixed litter decay processes, synergistic effects are 
attributed to niche complementary among decomposers 
and interspecific litter nutrient transfer (Gessner et al. 2010; 
García-Palacios et al. 2017; Canessa et al. 2022), and antag-
onistic effects primarily result from the releases of inhibit-
ing or recalcitrant organic compounds from component litter 
(Hättenschwiler et al. 2005; Zhang et al. 2019; Liu et al. 
2020). Therefore, the diversity in litter chemical traits (i.e., 
functional diversity) is a powerful indicator that can be used 
to predict LMEs on decay and nutrient dynamics (Zhang 
et al. 2020; Swan and Sparkman 2023). Kou et al. (2020) 
observed that LMEs on litter decay are driven worldwide by 
litter functional diversity in forests. However, leaf litter qual-
ity is expected to converge during decay (Wallenstein et al. 
2013). Accordingly, LMEs may decline gradually and even 
diminish when mixed litter decay proceeds. Unfortunately, 
empirical studies have seldom been conducted to assess 
how LMEs change over incubation time in forest soils (e.g., 
Lecerf et al. 2011; Singhal et al. 2021; Wu et al. 2022).

During litter mixture decay, the interspecific transfer of 
labile C and nutrients through leaching, diffusion, and fun-
gal mycelia networks are possible mechanisms controlling 
the size of synergistic effects (Hättenschwiler et al. 2005; 
Gessner et al. 2010). For example, Bonanomi et al. (2014) 
found that mixing litter with different chemical properties 
produced synergistic effects on decay rates because of N 
transfer from N-rich to N-poor litter. Moreover, synergis-
tic effects on decay are more frequent for plant litter with 
lower chemical qualities because the releases of labile C and 
nutrients from litter with higher chemical qualities stimulate 
microbial decay of low chemical quality litter (Wang et al. 
2018; Liu et al. 2020). Therefore, clarifying the specific 
responses of component species in the litter mixtures should 
identify non-additive LMEs on litter decay rates. However, 
previous studies have often treated litter mixtures as a single 
entity, which does not clarify mixed litter decay rates and 
nutrient dynamics in forests.

Riparian forests act as an important source of energy and 
nutrients for adjacent terrestrial and aquatic ecosystems 

through plant litter decay, and thus play a critical role in 
maintaining ecosystem services at both watershed and 
regional scales (Kominoski et al. 2011; Riis et al. 2020). In 
these forests, altered species composition can influence litter 
mixture decay dynamics, which would lead to shifts in struc-
ture and function of both aquatic and terrestrial ecosystems. 
In this study, three woody species (Alnus sibirica Fisch. ex 
Turcz, Betula platyphylla Sukaczev, and Betula fruticosa 
Pall.) with contrasting leaf litter chemistry were selected in a 
boreal riparian forest in the north of Heilongjiang Province, 
northeastern China. A 3-year litterbag experiment was per-
formed to measure mixed litter mass and N remaining during 
decay. Litter functional dispersion index was used to indicate 
functional diversity of litter mixtures (Laliberté and Leg-
endre 2010). The aims were to determine how LMEs change 
with incubation time during decay and to clarify the behav-
ior of component species within litter mixtures in boreal 
riparian forests. Therefore, two hypotheses were proposed: 
(1) non-additive LMEs were dominant in early stages due 
to functional diversity but decreased in the late stage; and 
(2) in the litter mixtures, synergistic effects of decay were 
more common for B. platyphylla and B. fruticosa than for 
A. sibirica because of lower leaf litter quality.

Materials and methods

Study site

This study was in a boreal riparian forest near the Emuer 
River in Heilongjiang Province, northeastern China (52°56′ 
N, 122°51′ E) located in a region of continuous permafrost 
and a temperate continental monsoon climate. Average 
annual precipitation and annual air temperature are 450 mm 
and − 3.9 ℃, respectively. In the riparian forest, the domi-
nant tree species are A. sibirica and B. platyphylla, and the 
accompanying species are Chosenia arbutifolia (Pall.) A. 
Skv, Populus davidiana Dode, and Rhamnus davurica Pall.. 
The main understory shrubs are B. fruticosa and Salix ros-
marinifolia L. The ground is covered by a dense litter layer 
and sedges and mosses. Organic C, total nitrogen (N), and 
total phosphorus (P) in the forest floor are 450.0, 70.2, and 
6.7 mg g−1, respectively.

Litter decay experiment

To create a gradient of litter functional diversity, leaf litter 
of an N2-fixing deciduous tree (A. sibirica) and two non-
N2-fixing deciduous trees (B. platyphylla and B. fruticosa) 
were selected. In August 2012, five 15 × 15 m plots were 
selected and freshly fallen leaves without obvious symptoms 
of herbivory were collected using litter traps. Litter samples 
were grouped into species based on morphological traits, 
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oven-dried to constant mass, and stored in plastic bags. 
A portion was milled (< 0.15 mm sieve) and analyzed for 
organic C content with a TOC analyzer (Multi N/C 2100, 
Analytik Jena, Germany), for total N and P concentrations 
with a continuous-flow analyzer (AA3, Seal Analytical, Ger-
many) after the Kjeldahl digestion (Graça et al. 2005), and 
for lignin with a fiber analyzer (FT350, FOSS, Denmark) 
with the gravimetric method (Möller 2009).

In this study, there were three monospecific litters (B. 
platyphylla, A. sibirica, and B. fruticosa) and four mixed 
litters (B. platyphylla + A. sibirica, B. platyphylla + B. fru-
ticosa, A. sibirica + B. fruticosa, and B. platyphylla + A. 
sibirica + B. fruticosa). In the mixed litter, component spe-
cies were mixed by equal mass ratio. For both monospe-
cific and mixed litters, 6-g oven-dried litter were placed in 
30 × 25 cm nylon litterbags (1 mm mesh size). The litterbags 
were buried in the litter layer in each plot and collected after 
one, two, and three years. There were three sampling dates 
and five replicates, providing 15 litterbags per treatment. For 
monospecific litters, litter was sampled from the litterbags, 
cleaned with deionized water, dried to constant weight, and 
weighed.

The remaining litter mixtures were separated into compo-
nent species according to litter morphology and toughness, 
and treated with the same procedures as monospecific litter. 
Litter per treatment was ground (< 0.15 mm) and used to 
determine N concentration as described. On each sampling 
date, litter mass remaining was obtained on the basis of the 
initial and final mass. In addition, litter N remaining was 
obtained from litter mass remaining and N concentration.

Statistical analysis

Community-weighted chemical traits of litter mixtures were 
obtained from initial chemical traits and mixing propor-
tion within litter mixtures. Litter functional diversity was 
expressed as litter functional dispersion index (FDis), which 
shows the average distance of each component litter to the 
community-weighted centroids of litter mixtures (Laliberté 
and Legendre 2010). Based on seven initial litter chemical 
traits (organic C, total N, total P, and lignin and C:N, C:P, 
and lignin:N ratios). FDis were calculated on a species − spe-
cies distance matrix (i.e., Gower dissimilarity matrix) using 
the FD package in R 4.1.1 (Laliberté and Legendre 2010). 
Litter chemical traits are shown in Table 1.

For both mass and N remaining, the expected value of 
whole litter mixtures ( �Remainingexp

 ) was calculated by (Bona-
nomi et al. 2014; Zhang et al. 2020):

where �Remainingobsi
 was the observed value of monospecific 

litter i and �Proi was the mixing mass ratio of monospecific 
litter i. LMEs on mass and N remaining of whole litter mix-
tures ( �LMEsw ) were obtained by (Bonanomi et al. 2014; 
Zhang et al. 2020):

where �Remainingobs
 was the observed mass or N remaining 

of whole litter mixtures. LMEs on mass and N remaining 

(1)�Remainingexp
=

n
∑

i=1

�Remainingobsi
× �Pro

i

(2)�LMEsw
= (�Remainingobs

) × 100∕�Remainingexp

Table 1   Initial chemical traits of monospecific and mixed litter in a boreal riparian forest in northeastern China

Notes: Data are mean values with standard errors in parentheses (n = 5)

Litter types Organic C 
(mg g−1)

Total N (mg g−1) Total P (mg g−1) Lignin (mg g−1) C:N ratio C:P ratio Lignin:N ratio Functional 
diversity

Monospecific litter types
B. platyphylla 522 (3) 6.32 (0.06) 2.79 (0.04) 153 (2) 82.6 (1.2) 187 (3) 24.2 (0.5) –
A. sibirica 520 (2) 16.73 (0.10) 1.33 (0.01) 182 (3) 31.1 (0.3) 391 (4) 10.9 (0.1) –
B. fruticosa 492 (1) 6.37 (0.05) 2.75 (0.03) 112 (2) 77.3 (0.6) 179 (2) 17.6 (0.3) –
Mixed litter types
B. platy-

phylla + A. 
sibirica

521 (2) 11.53 (0.06) 2.06 (0.02) 167 (2) 45.2 (0.2) 253 (3) 14.5 (0.2) 2.07 (0.01)

B. platy-
phylla + B. 
fruticosa

507 (2) 6.35 (0.04) 2.77 (0.03) 132 (2) 79.9 (0.7) 183 (2) 20.8 (0.3) 1.16 (0.06)

A. sibirica + B. 
fruticosa

506 (1) 11.55 (0.04) 2.04 (0.02) 147 (2) 43.8 (0.2) 248 (3) 12.7 (0.1) 2.20 (0.04)

B. platy-
phylla + A. 
sibirica + B. 
fruticosa

511 (1) 9.81 (0.03) 2.29 (0.02) 149 (2) 52.1 (0.2) 223 (2) 15.2 (0.2) 2.11 (0.01)
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of component species within litter mixtures ( �LMEsc ) were 
obtained by (Wu et al. 2022):

where �Remainingmixi
 was the mass or N remaining of compo-

nent species i during decay within the litter mixtures.
For both whole litter and component mixtures, the signifi-

cant difference between LMEs and zero was assessed with 
a one-sample t test. Based on the statistical results, LMEs 
were subdivided into additive effects when LMEs did not 
differ from zero, synergistic effects when LMEs were greater 
than zero, and antagonistic effects when LMEs were lower 
than zero (Hättenschwiler et al. 2005; Gessner et al. 2010).

Statistical analyses were performed in R 4.1.1 (R Devel-
opment Core Team 2021), and P < 0.05, P < 0.01, and 
P < 0.001 were considered statistically significant, very sta-
tistically significant, and extremely statistically significant, 
respectively. Linear mixed models (LMMs) were adopted 
to examine the impacts of species and incubation time on 
monospecific litter mass and N remaining. At each incuba-
tion time, Tukey’s HSD test was performed to detect differ-
ences in litter mass and N remaining among species. LMMs 
were carried out to test the effects of litter type and incuba-
tion time on LMEs during the decay process. Pearson’s cor-
relation analysis tested the correlation between LMEs and 
litter functional diversity during the decay of whole litter 
mixtures.

(3)
�LMEsc

= (�Remainingmixi
− �Remainingobsi

) × 100∕�Remainingobsi

Results

Monospecific leaf litter decay

Litter type and incubation time significantly influenced 
litter mass remaining (P < 0.001, Fig. 1). Incubation time, 
litter type, and their interaction significantly affected lit-
ter N remaining (P < 0.001, Fig. 1). Across the incubation 
periods, both A. sibirica and B. fruticosa had lower litter 
mass remaining than B. platyphylla (Fig. 1). Both B. platy-
phylla and B. fruticosa had higher litter N remaining than 
A. sibirica (Fig. 1).

LMEs during the decay process of litter mixtures

Mixed litters, incubation time, and their interaction sig-
nificantly affected LMEs during decay (P < 0.01, Fig. 2). 
After one- and two-year decay periods, antagonistic effects 
were more common than additive and synergistic effects 
for both mass and N remaining of whole litter mixtures 
(Fig. 2). However, only additive effects were observed for 
mass and N remaining of whole litter mixtures after three-
year decay (Fig. 2). LMEs showed a significant negative 
relationship with litter functional diversity after one- and 
two-year decay (P < 0.01) but exhibited no significant rela-
tionship with functional diversity after three-year decay 
(Fig. 3).

Fig. 1   Monospecific leaf litter 
mass and N remaining over 
three-year decay in a boreal 
riparian forest in northeastern 
China. Error bars are the stand-
ard errors of the means (n = 5). 
At each incubation time, differ-
ent lowercase letters indicate 
the significant difference among 
monospecific litter treatments at 
P < 0.05
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Component litter decay within litter mixtures

During the decay of litter mixtures, litter N concentration of 
B. platyphylla and B. fruticosa initially increased but sub-
sequently declined, whereas A. sibirica litter N concentra-
tion declined with longer periods of decay (Fig. 4). Within 
litter mixtures, A. sibirica litter often produced antagonistic 
effects on mass remaining of the neighboring litter, although 
its mass remaining was barely affected over three years of 
decay (Fig. 5). In the litter mixtures, A. sibirica litter often 
produced synergistic effects on neighboring litter N remain-
ing, but antagonistic effects were predominant for N remain-
ing of A. sibirica litter after one and two years (Fig. 5). After 
three years of decay, the additive effects on component litter 
N remaining occurred in the litter mixtures containing A. 
sibirica (Fig. 5). Moreover, additive effects were observed 
for component litter mass and N remaining over three years 
for B. platyphylla + B. fruticosa litter mixture (Fig. 5).

Discussion

In agreement with the first hypothesis, non-additive effects, 
especially antagonistic effects, were predominant for litter 
mass and N remaining in early-stage decay (i.e., the initial 
two years), but disappeared in late-stage decay (i.e., after 
three years). Previous studies have also shown that synergis-
tic effects changed to additive or antagonistic effects as litter 
mixture decay in shrublands and forests proceeded (San-
tonja et al. 2019; Singhal et al. 2021; Wu et al. 2022). These 

Fig. 2   Litter mixing effects 
on mass and N remaining of 
the whole litter mixtures over 
three-year decay in a boreal 
riparian forest in northeast-
ern China. Error bars are the 
standard errors of the means 
(n = 5). For each litter mixture, 
ns, *, **, and *** indicate the 
significant difference between 
litter mixing effects and zero at 
P > 0.05, P < 0.05, P < 0.01, and 
P < 0.001, respectively
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results imply that incubation time regulates the direction of 
LMEs on litter decay in forests. In the early stage, the release 
of soluble organic matter fractions from litter could facilitate 
labile C and nutrient transfers among litter components via 
diffusion and fungal mycelia and enhance complementary 
resource use among decomposers, which would account for 
the synergistic effects of litter decay (Hättenschwiler et al. 
2005; García-Palacios et al. 2017; Liu et al. 2020). When 
decay proceeds, labile organic compounds are exhausted 
by soil microbes, and recalcitrant organic compounds (e.g., 
lignin and condensed tannins) remain in the decomposing 
litter (Wang et al. 2022). Thus, plant litter qualities often 
converge (Fig. 4), which reduces the synergistic effects of 
mixed litter decay (Kou et al. 2020). Moreover, the enriched 
recalcitrant organic compounds in decomposing litter over 
time suppress microbial activity and thus inhibit decay of 
litter mixtures (Mortensen et al. 2019; Wang et al. 2022). 
Accordingly, additive effects were observed after three years 
of litter decay. Overall, the temporal shift in LMEs from 
non-additive to additive effects highlights that the decay 
rates of litter mixtures can be ultimately projected based on 
the single litter decay dynamics in boreal riparian forests.

During early-stage decay, LMEs on mass and N remain-
ing changed from additive to antagonistic effects with 

increasing functional diversity among component species. 
Several studies have shown that higher chemical diversity 
often yields greater LMEs on mixed litter decay in forests 
(Zhang et al. 2020; Canessa et al. 2022). A large diversity 
of litter chemical traits within litter mixtures could create 
nutrient gradients among component species and produce 
diverse substrates for decomposers, which would account 
for two possible mechanisms (i.e., nutrient transfer and niche 
complementary hypotheses) driving the non-additive LMEs 
(Bonanomi et al. 2014; García-Palacios et al. 2017; Swan 
and Sparkman 2023). In this study, A. sibirica, an N2-fixing 
tree species, had higher litter N and lignin concentrations but 
had lower litter P concentration than B. platyphylla and B. 
fruticosa (Table 1). Thus, the presence of A. sibirica litter 
can enhance functional diversity of litter mixtures, increas-
ing the occurrence of non-additive LMEs in the early stage 
of mixed litter decay. These findings suggest that litter chem-
ical diversity is a powerful indicator of LMEs on early-stage 
litter decay in forest ecosystems.

During monospecific litter decay, A. sibirica had lower 
N remaining than the other two species but had comparable 
litter mass remaining to B. fruticosa. These different inter-
specific patterns imply that litter decay differs from litter N 
release during decay. Litter decay rates are limited by labile 
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organic C fractions and nutrients in the early stage, but are 
inhibited by recalcitrant organic C factions such as lignin 
in the late stage (Zhang et al. 2008; Prescott 2010). Among 
the selected three species, A. sibirica had the highest N and 
lignin concentrations, whereas B. fruticosa had the lowest 
lignin concentration. Thus, A. sibirica had comparable lit-
ter mass remaining with B. fruticosa, but had higher litter 
mass remaining than B. platyphylla across three years of 
decay. In contrast, litter N dynamic is primarily controlled 
by its C:N ratio during decay (Manzoni et al. 2010). Due to 
lower litter C:N ratio, A. sibirica always had higher litter N 
release than B. platyphylla and B. fruticosa during decay. In 
boreal riparian forests, the abundance of alders is observed 
to decline because of fungal pathogens (Alonso et al. 2022) 
or to increase due to global change (Hiltbrunner et al. 2014). 
Given the interspecific variation of litter chemistry between 
alders and non-N2-fixing trees, such alteration of vegeta-
tion composition will strongly influence litter decay and soil 
nutrient availability in boreal riparian forests.

During the initial two-year decay of litter mixtures, syn-
ergistic effects were stronger for B. platyphylla and B. fru-
ticosa than for A. sibirica. Accordingly, our results partly 
supported the second hypothesis. Wang et al. (2018) also 

showed that mixing low-quality coniferous litter with high-
quality broadleaf litter accelerated coniferous litter decay in 
subtropical plantations. During litter mixture decay, nutri-
ent transfer could alleviate the nutrient limitation of decom-
posers and thus stimulates the decay of low-quality litter 
(Bonanomi et al. 2014; Liu et al. 2020). In the present study, 
the declined litter N concentration of A. sibirica together 
with the increased litter N concentration of B. platyphylla 
and B. fruticosa (Fig. 4) further supported that N-rich A. 
sibirica litter acted as a net N source for the neighboring 
N-poor litter during early-stage decay. When mixed litter 
decay proceeded, litter N concentration of component spe-
cies became convergent (Fig. 4). Thus, additive effects were 
dominant for low-quality litter after three years of decay. 
These results regarding the different behaviors between 
high-quality and low-quality litter confirm that nutrient 
transfer among component species should be a key deter-
minant of synergistic effects during mixed litter decay in 
forests. However, we only measured litter total N concen-
tration in the present study, which could not discriminate 
the sources of N in component litter. Therefore, in further 
studies, 15N-labeled leaf litter should be used to identify the 
N sources of component litter, which can effectively uncover 
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the role of nutrient transfer in driving LMEs during litter 
mixture decay in forests.

Conclusions

During the three-year decay of litter mixtures, LMEs on 
litter decay and nutrient release changed from synergistic 
effects to additive effects over incubation time in a boreal 
riparian forest. The significant relationship between LMEs 
and litter functional diversity was only observed in the initial 
two-year decay of litter mixtures. Furthermore, non-additive 
LMEs were more common for low-quality litter species (B. 
platyphylla and B. fruticosa) than for high-quality litter 
species (A. sibirica). In summary, the temporal variation 
of LMEs over incubation time highlights that, despite the 
complex species interactions during early-stage decay, late-
stage litter mixture decay can be easily projected from single 
litter decay dynamics in boreal riparian forests.
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