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Wetlands store >30% of the global soil carbon pool, which is important

for global carbon cycling. However, with global warming and the increase

in regional human activities, an increasing number of wetlands are being

threatened by fires, which have serious effects on carbon cycling in wetlands.

Although plant litter decomposition is one of the key stages of carbon

cycling in wetlands, it is still unclear whether fires affect residual plant

litter decomposition in burnt wetlands and whether the fire season also

causes different effects. To address these knowledge gaps, a plant litter

decomposition experiment was conducted during the growing season in

autumn burnt, spring burnt, and unburnt sites in a Calamagrostis angustifolia

wetland in the Sanjiang Plain (Northeast China). The results show that autumn

burning promotes more mass loss (i.e., 15.9 ± 1.6% in autumn burnt sites

and 14.8 ± 1.7% in autumn unburnt sites) and accelerates the decomposition

of plant litter, whereas spring burning decreases the decomposition rates

of plant litter (i.e., 15.7 ± 1.7% in spring burnt sites and 22.0 ± 2.5% in

spring unburnt sites). As the decomposition time increased, the accumulation

index indicated that carbon was released from plant litter to the surrounding

environment accompanied by mass loss and nutrient elements accumulated

in the residual plant litter. The N/P ratio of plant litter decreased from ca.

20 on day 26th to ca. 9 on day 121st, indicating that N acts as the limiting

element for plant litter decomposition in C. angustifolia wetlands, and the

limitation increased with increasing decomposition time. Our results also

suggest that the autumn burning may promote more carbon loss and nutrient

elements accumulated in plant litter in C. angustifolia wetlands than the

spring burning.
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Introduction

Wetlands, which include both peatlands and other biomass
accumulation-flooded environments, store more than 30% of
the global soil carbon while covering only 8–10% of the world’s
land surface (Yu et al., 2010). Due to surface plant growth
and an anaerobic soil environment, wetlands with high carbon
accumulation rates acted as one of the most important carbon
sink ecosystems during the Holocene (Nilsson et al., 2008). With
the state of global warming in recent years, carbon storage in
wetlands has been threatened by environmental disturbances.
Wetlands have switched from carbon sinks to carbon source
ecosystems, which have serious effects on global carbon cycling
(Gallego-Sala et al., 2018; Loisel et al., 2020). Additionally, most
of the carbon (C) in wetlands is stored in northern regions,
which are located in mid-high latitude regions and are more
sensitive to climate change than other regions (Yu et al., 2010).
Global warming has also markedly increased the intensity and
frequency of fires over the last century and which will continue
to increase in the current century (Flannigan et al., 2013; Gao
et al., 2018). Recently, nearly 4% of the earth’s land surface
has been burnt and this has serious consequences on wetlands
and other ecosystems (Battisti et al., 2016; Just et al., 2017;
van der Werf et al., 2017). Fires not only consume surface
plants and emit ca. 2,200 Tg carbon to the atmosphere, but also
cause serious effects on residual carbon cycling (i.e., soil carbon
mineralization and residual litter decomposition) in natural
ecosystems because they increase the accumulation of pyrogenic
carbon and ash (Butler et al., 2017; Jones et al., 2019; Cong et al.,
2020). Thus, fires have become an important disturbance factor
for carbon cycling in wetland ecosystems (Flannigan et al., 2009;
Turetsky et al., 2015).

For wetlands, fires increase the species diversity and
abundance of plants in the next growing season and this has
great potential to cause more carbon to accumulate in the soil
carbon pool (Marrs et al., 2019; Gao et al., 2021). Apart from the
amount of aboveground biomass, the decomposition of plant
litter also acts as an important factor affecting the amount of
carbon accumulated in wetlands. Most plant litter decomposes
in the surface aerobic layers, and some residual plant litter acts
as long-term carbon stored in the anaerobic layers (Reddy and
DeLaune, 2008). Due to changes in available nutrients, microbial
activities, and hydrological processes, fires also have great
potential to influence the decomposition process of plant litter,
which is closely related to these changing factors (Straková et al.,
2012; Clarkson et al., 2013; Song et al., 2021). For example, in
the Eucalyptus pilularis forest, fire frequency and intensity have
serious effects on the decomposition process of plant litter and
decrease the decomposition rates in long-term high-frequency
burning sites (Brennan et al., 2009). Except for fire frequency
and intensity, the fire season also causes serious effects on the
microbial activities and soil moisture in burnt wetlands and had
been proofed that leads to markedly different effects on plant

growth and organic matter mineralization rates in autumn and
spring burnt sites (Zhao et al., 2012; Gao et al., 2021). Although
these effects of the fire season on plant litter decomposition may
also differ, however, these effects remain uncertain.

Decomposition is not only important for carbon capture in
wetlands but is also an important factor for nutrient element
cycling in wetlands. Dynamic nutrient elements are influenced
by the chemical properties of plant litter and available nutrients
in the surrounding soil and water environment (Wang and
Roulet, 2017; Song et al., 2018). Due to high temperatures during
burning, fires promote nutrient element forms (e.g., P) in soils
to change from organic to inorganic forms, which are more
beneficial for plants and microbes (Wang et al., 2015). Residual
fire products, such as ash and PyC, contain high amounts of
available nutrients and accumulate on the surface of the burnt
sites, which also increase the amount of available nutrients
(Giardina et al., 2000; Pingree and DeLuca, 2018). Thus, the
changes in available nutrients in burnt sites also act as major
factors that influence the dynamics of nutrient elements in
plant litter during decomposition. Compare to spring burning,
autumn burning promotes the availability of more nutrient
elements for plant growth in seasonally frozen regions, and the
effects of autumn burning on plant growth are more direct than
those of spring burning (Gao et al., 2021). However, it is unclear
whether the burning season also has different effects on nutrient
element dynamics in the decomposition process of plant litter in
burnt and unburnt sites.

To address these knowledge gaps, we examined the effects of
the burning season (i.e., spring burning and autumn burning)
on plant litter decomposition in a typical Calamagrostis
angustifolia wetland in the Sanjiang Plain (China) (Zhao et al.,
2012). Based on a 121-day field decomposition experiment, the
mass loss, carbon, and selected nutrient elements (i.e., N, P,
and S) in residual plant litter in autumn, spring, and unburnt
sites were analyzed in detail. The objective of this study was
to provide insights into the impact of the fire season on plant
litter mass loss during the decomposition process at burnt and
unburnt sites. Second, we aimed to identify the differences
in carbon loss and nutrient dynamics of plant litter during
decomposition in burnt and unburnt sites. Third, the potential
effects of nutrient elements on the mass loss of plant litter in the
burnt and unburnt sites were also evaluated.

Materials and methods

Experiment design and sampling

The climate characteristics in the Sanjiang Plain are of a
cold-temperate continental monsoon, with an annual mean
temperature of 1.6◦C and annual mean precipitation of 600 mm
(Gao et al., 2014). The burnt wetland in the Sanjiang Plain
is adjacent to farmland, and nine sites within a homogenous
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area of C. angustifolia wetland were selected for the plant
litter decomposition experiment (Figure 1). Details of the
burnt experimental design and study sites are presented in
our previous studies (Zhao et al., 2012; Gao et al., 2021). The
plant litter for the decomposition experiment was collected
in October 2007 in autumn-burnt sites and in May 2008 in
spring-burnt sites before prescribed burning. Part of the plant
litter was dried at 85◦C for 48 h and used to analyze the
original contents of water and elements. The remaining plant
litter selected for plant litter decomposition experiments were
cut into small pieces (ca. 10 cm), and every 10 g dry weight
plant litter (calculated by water content and wet weight of
fresh plant litters) was placed in a decomposition bag (Nylon,
20 cm × 20 cm, 100 mesh). For the autumn burnt and unburnt
sites, the decomposition bags were placed on the surface of the
soil on 20 October 2007. For the spring burnt and unburnt
sites, the decomposition bags were placed on the surface of
the soil on 11 May 2008. The plant litter of spring burnt
and unburnt sites was collected before spring burning, and
the litter was decomposed in the natural environment from
autumn 2007 to spring 2008. Therefore, the decomposition
times were the same as those for the decomposition bags at
the autumn burnt and unburnt sites. Because all plant litter
was collected from the same vegetation community, the original
contents of carbon and nutrients in plant litter was similar
for all sites. Considering the monthly average temperature in
the Sanjiang Plain (Figure 1), the temperature from May to
September is beneficial for microbial activity, and most of
the mass loss occurred during this period (Fick and Hijmans,
2017). Thus, the start decomposition time in the present
experiment was set on 11 May, when the plant decomposition
bags were placed in the spring burnt and unburnt sites. The
sampling times were June 6th (26 days), July 6th (56 days),
August 10th (91 days), and September 9th (121 days). Three
plant decomposition bags were collected from each site for
further analysis.

Element contents in plant litter

The total mass loss of plant litter in decomposition bags was
calculated as the difference between the original dry weight and
dry weight (85◦C, 48 h) of residual plant litter. The carbon (C)
content of the plant litter was determined using the external
heating potassium dichromate oxidation method (Wu and Tao,
1993). The total nitrogen (N) content of the plant litter was
measured after digestion (concentrated H2SO4 and catalytic)
using a flow continuous chemistry analyzer (Cong et al., 2019).
The total phosphate (P) and sulfur (S) contents of the plant
litter after digestion (HNO3/HClO4/HF) were determined by
atomic emission spectrometry with inductively coupled plasma
(ICPS-7500) (Gao et al., 2014). The C contents in the origin
plant litter was 441.5 ± 8.8 g kg−1 and the N, P, and S contents

of the original plant litter were 2,818.1 ± 331.2 mg kg−1,
199.5± 8.5 mg kg−1, and 538.9± 9.0 mg kg−1, respectively.

Accumulation index of elements

Accumulated or released carbon and selected elements were
indicated by the accumulation index (AI), which was calculated
as follows:

AI =
Mt · Xt

M0 · X0
× 100%

whereMt is the dry mass weight (g) of the plant litter at sampling
time t, Xt is the element content (mg kg−1) of the plant litter at
sampling time t, M0 is the dry mass weight of the original plant
litter, and X0 is the element content (mg kg−1) of the original
plant litter. Because the decomposition starting time of plant
litter in spring burnt and unburnt sites was similar to that in
autumn burnt and unburnt sites, the X0 used for litter bags in
spring unburnt and burnt sites was the same as the elemental
contents of the original plant litter collected in autumn. The AI
lower than 100% indicates the selected elements released from
the plant litter to the surrounding environment, and the AI
higher than 100% indicates the selected elements accumulated
in the plant litter.

Two-way analysis of variance

A two-way analysis of variance (two-way ANOVA) via SPSS
22 (SPSS, Inc.) was used to evaluate whether the different
burnt sites and sampling time were associated with significant
differences in mass loss, AI of carbon and nutrients, and the
mass ratio of selected elements in plant litters. Sampling time
(i.e., day 26th, day 56th, day 91st, and day 121st) and site types
(i.e., autumn burnt, autumn unburnt, spring burnt, and spring
unburnt) were the factors tested. The ANOVA results were then
applied with the different treatments being grouped by Tukey’s
honestly significant differences (Tukey-HSD) test, respectively.
Significant differences are reported at the 0.05 probability level
(i.e., P < 0.05).

Results

Litter decomposition and
accumulation index-carbon

The variations in litter mass loss rates and AI-C at the four
sampling times are shown in Figure 2. There were significant
differences in mass loss rates and AI-C at different sampling
times and sites (Table 1). As the sampling time increased, the
mass loss rates increased from ca. 5% on day 26th to ca. 18%
on day 121st. The mass loss rates in spring unburnt sites in
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FIGURE 1

Location of the studied sites (i.e. spring burnt sites, SB; autumn burnt sites, AB; unburnt sites, UB) in Sanjiang Plain, Northeast China (Gao et al.,
2021), and the average monthly temperature and precipitation in Sanjiang Plain (Fick and Hijmans, 2017).

the four sampling times were higher than those in the other
three site types. The mass loss rate in spring unburnt sites was
21.95 ± 2.54% on day 121st and markedly higher than those in
the other three site types, which were around 15%. The mass
loss rates in the spring and autumn burnt sites were similar and
slightly higher than those in the autumn unburnt sites. The AI-
C of plant litter at the four sampling sites gradually decreased
from ca. 97% on day 26th to ca. 85% on day 121st. The AI-C
of plant litter in autumn-burnt sites was slightly higher than
that in autumn-unburnt sites. However, except on day 26th,
the AI-C of plant litter in the spring burnt sites was markedly
higher than that in the spring unburnt sites. After 121 days of
decomposition, the AI-C in spring unburnt sites was the lowest
at 81.08 ± 2.86% and the AI-C in spring burnt sites were the
highest (86.35 ± 1.96%). The AI-C in the autumn burnt and
unburnt sites were in the middle and slightly close to those in
the spring burnt sites.

Accumulation index of nutrient
elements

There were significant differences in AI-N, AI-P, and AI-S
in the different types of burnt sites, and the sampling time only
caused significant differences in AI-P and AI-S. The interaction
between burn site type and sampling time also had significant
effects on AI-P and AI-S (Figure 3). On day 26th, the AI-N

in residual litter was slightly higher than 100% in burnt sites
and markedly lower than those in unburnt sites, which were
approximately 120%. In the spring unburnt sites, the AI-N
decreased gradually from 122.93 ± 15.82% on day 26th to
96.15 ± 14.17% on day 121st. In contrast, in other site types,
the AI-N increased, and the highest value appeared on day 56th
or 91st, and then decreased gradually. The AI-P in residual
plant litter decreased before day 56th, and the lowest AI-P was
63.52± 3.95% in spring unburnt sites on day 56th. On day 91st,
the AI-P in autumn unburnt sites and spring burnt sites was
higher than 200% and markedly higher than those in the other
two site types. On day 121st, the AI-P gradually decreased and
was similar in all four site types, ranging from 137.18 ± 8.39
to 166.76 ± 29.35%. Similar to the variation of AI-P, the AI-S
in residual plant litter also decreased before day 56th, and then
increased on days 91st and 121st. The AI-S in the spring burnt
and unburnt sites was approximately 120% on day 56th and
significantly higher than those in the autumn burnt and unburnt
sites, which were around 73%.

Mass ratio of typical elements in
residual litters

The mass ratios of C/N, C/P, C/S, and N/P were selected as
typical element ratios in this study (Figure 4), and the effects of
sampling time and site type on these ratios were significant, with
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FIGURE 2

Mass loss (A) and the AI-C (B) in residual plant litters in autumn burnt (AB), autumn unburnt (AUB), spring burnt (SB), and spring unburnt (SUB)
sites. Different lowercase letters (a-d) indicate significant differences (Tukey-HSD test) among sampling times and different uppercase letters
(A-B) indicate significant differences (Tukey-HSD test) between site types.

TABLE 1 Two-way analysis of variance (ANOVA) of mass loss, AI of selected elements, and elements mass ratio.

Time Types Types × time

F P F P F P

Mass loss 53.432 0.000 8.974 0.000 1.074 0.395

AI-C 31.472 0.000 3.585 0.019 0.835 0.587

AI-N 1.665 0.184 10.730 0.000 1.684 0.113

AI-P 107.339 0.000 17.960 0.000 8.814 0.000

AI-S 21.209 0.000 5.147 0.003 4.837 0.000

C/N ratio 0.534 0.661 5.636 0.002 1.234 0.292

C/P ratio 125.420 0.000 9.519 0.000 2.917 0.006

C/S ratio 43.409 0.000 5.790 0.002 8.910 0.000

N/P ratio 90.594 0.000 3.022 0.037 1.943 0.063

Sampling time and types of burnt sites were regarded as two factors for the two-way ANOVA.

FIGURE 3

The AI-N (A), AI-P (B), and AI-S (C) in residual plant litters in autumn burnt (AB), autumn unburnt (AUB), spring burnt (SB), and spring unburnt
(SUB) sites. Different lowercase letters (a-c) indicate significant differences (Tukey-HSD test) among sampling times and different uppercase
letters (A-B) indicate significant differences (Tukey-HSD test) between site types.

the exception of the C/N ratio. Only site type had a significant
effect on the C/N ratio, and there was no significant effect
of sampling time on C/N ratios. The C/N ratio ranged from

103.6± 14.8 to 156.1± 7.0%. Both the highest and lowest values
occurred on day 91st at the autumn burnt site and autumn
unburnt site, respectively. There was no obvious change in the
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C/N ratio during the 121-day decomposition, and the C/N ratio
fluctuated overall. Unlike the C/N ratio, the C/P ratio in all four
site types decreased significantly from day 56th to day 91st. The
C/P ratios on day 91st and 121st were approximately 1,000 and
significantly lower than those on day 26th and 56th, which were
approximately 3,000. Similar to the C/P ratios, the N/P ratio
decreased from approximately 20 on day 56th to ca. 9 on day
121st. After 121 days of decomposition, the N/P ratios in all
four site types were similar and ranged between 9.56± 1.33 and
10.00 ± 1.95. The range of the C/S ratio during the 121-day
decomposition was between 472.3 ± 92.1 and 1,215.9 ± 50.6,
which was slightly weaker than the changes in the C/P and N/P
ratios. The C/S ratio decreased in autumn burnt and unburnt
sites before day 91st, and then increased on day 121st. In the
spring burnt and unburnt sites, the C/S ratio increased from day
26th to day 56th, and then decreased on day 91st. The lowest C/S
ratio in the spring unburnt and burnt sites appeared on day 91st,
and increased by a little on day 121st.

Discussion

Seasonal burning promotes biomass
loss in plant litter

Comparing the mass loss rates in autumn burnt and unburnt
sites, the mass loss rates in autumn burnt sites were higher than
those in unburnt sites. However, the mass loss rates in the spring
burnt sites were lower than those in the unburnt sites (Figure 2).
These results showed that autumn burning increased plant
litter decomposition rates and that spring burning decreased
plant litter decomposition rates. Plant litter decomposition
rates are mainly influenced by microbial activities, which
are controlled by surrounding environmental factors (e.g.,
temperature, water table, available nutrients, aboveground plant
community, and pH) (Ward et al., 2015; Wang et al., 2019;
Yu et al., 2020). Burning also acts as an important factor that
not only promotes the release of nutrients from the residual
plant to the environment and increases nutrient availability, but
can also promote microbial activities (Medvedeff et al., 2015;
Wang et al., 2015; Singh et al., 2017). In our experimental
sites, there was more DOC and MBC in burnt sites than in
unburnt sites during the entire growing season from May to
September (Zhao et al., 2012). The greater nutrient availability
and greater activity of microbial metabolism in the surface
soils not only promoted more soil carbon decomposition and
aboveground plant growth, but also caused the decomposition
rates of plant litter in autumn burnt sites to be higher than
those in autumn unburnt sites. However, because the microbial
activities in burnt sites decreased after burning and required
several months for recovery (Medvedeff et al., 2013), the short
time interval between burning and plant litter decomposition
in spring burnt sites may lead to microbial activities not

recovering. The weak activity of microbial metabolism in spring
burnt sites was speculated to be the major reason why the plant
litter decomposition rates in spring burnt sites were lower than
those in the spring unburnt sites.

In addition to the direct effects of burning on microbial
activity, the effects of burning on plant growth and soil moisture
may also influence the decomposition rates of plant litter. Our
previous study found that stem density in spring burnt sites was
markedly higher than that in autumn burnt sites and unburnt
sites, and the aboveground biomass and biomass per plant in
autumn burnt sites were higher than those in spring burnt and
unburnt sites (Gao et al., 2021). The temperature of surface
soils is mainly influenced by micro-geomorphology and surface
plants (Song et al., 2013; Goncharova et al., 2019). Because
the decomposition process of plant litter mainly occurs during
the growing season in the Sanjiang Plain, surface plants also
directly influence the temperature of surface soils. The high
density of aboveground vegetation communities in spring burnt
sites decreases the solar radiation and surface soil temperature
during the daytime, which is speculated to be another factor that
decreases the decomposition rates of plant litter. The increase
in aboveground plants also increases the underground biomass,
which is the major oxygen source in rhizospheric soil under
the water table and may increase the oxygen concentrations
in the water and surface soil layers (Reddy and DeLaune,
2008). The higher aboveground biomass in autumn-burnt sites
results in increased oxygen availability under the water table for
microbial metabolism and accelerates the decomposition rates
of plant litter. Except for the increase in aboveground biomass,
burning also decreases the water-retention capacity of surface
soils (Thompson and Waddington, 2013). This leads to lower
soil moisture in the burnt sites, and higher available oxygen
than that in the unburnt sites. Thus, burning not only alters the
microbial activities directly, but also changes the aboveground
plant growth and water retention capacity, which causes serious
effects on the decomposition rates of plant litter indirectly. The
enhanced microbial activities and high aboveground biomass
resulted in greater oxygen availability in rhizospheric soil, which
were speculated to be two major factors that increased the
decomposition rates of plant litter in autumn-burnt sites.

Carbon is the most important element in residual plant litter,
which contains a carbon content higher than 40%. The mass
loss of plant litter leads to carbon release to the surrounding
environment. The AI-C in residual plant litter decreased
gradually with an increase in mass loss rates during the 121-day
decomposition experiment, which was similar to the results of
previous studies (Brennan et al., 2009; Gorecki et al., 2021). Due
to the high mass loss of plant litter in autumn burnt sites, the
AI-C in autumn burnt sites was also lower than that in autumn
unburnt sites. Conversely trends were observed in the spring
burnt/unburnt sites. Our results showed that autumn burning
promoted the release of more carbon from residual plant litter
to the surrounding environment. Additionally, autumn burning
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FIGURE 4

The mass ratio of C/N (A), C/P (B), N/P (C), and C/S (D) in residual plant litters in autumn burnt (AB), autumn unburnt (AUB), spring burnt (SB),
and spring unburnt (SUB) sites. Different lowercase letters (a-d) indicate significant differences (Tukey-HSD test) among sampling times and
different uppercase letters (A-C) indicate significant differences (Tukey-HSD test) between site types.

also promotes the aboveground biomass and the mineralization
rates of surface soils (Zhao et al., 2012; Gao et al., 2021). Thus,
autumn burning increased all links of carbon cycling in the
wetlands and accelerated carbon turnover rates. However, the
effects of spring burning on carbon turnover in seasonally frozen
wetlands were more complex than those of autumn burning, and
it not only decreased the carbon loss rates in residual plant litter,
but also caused no significant increase in aboveground biomass
compared to unburnt sites (Gao et al., 2021). The potential
reasons for this were similar to the reasons for the limitation
of mass loss in the spring burnt sites, as previously discussed,
and unrecovered microbial activities in the spring unburnt sites
were speculated to be the major reason. Thus, similar to the
results and potential reasons of mass loss in different sites, the
autumn burnt sites were more beneficial for microbial activities
and accelerated the release of carbon from plant litter to the
surrounding environment.

Dynamic of nutrient elements in
residual plant litters

The dynamic changes in the selected nutrient elements in
the residual plant litter are shown in Figure 3. Unlike the

changes in AI-C, the AI of nutrient elements gradually increased
with increasing decomposition time, and the highest AI of
nutrient elements (i.e., AI-P) was higher than 300%, which
means that the nutrient elements accumulated in the plant litter
during the 121-day decomposition. Nutrients were also released
to the surrounding environment during the mass loss of plant
litter, which is similar to that seen for carbon loss in plant
litter. In contrast, microbes can absorb nutrient elements from
the surrounding environment (e.g., water and soils) for their
metabolism and accumulate nutrient elements in the plant litter
(Cui et al., 2021; Wang et al., 2022). More nutrients absorbed
than nutrient loss in microbes accompany the decomposition
of plant litter, which causes the AI of all selected nutrient
elements (i.e., N, P, and S) to increase gradually during the
121-day decomposition period (Figure 3). Compared to that
of unburnt sites, the AI of nutrient elements in residual plant
litters in autumn burnt sites were lower than those in autumn
unburnt sites. The AI of nutrient elements in residual plant
litter in the spring burnt sites was higher than that in the
spring unburnt sites. The AI of nutrients is not only controlled
by microbial activity but is also influenced by the amount of
available nutrients in the surrounding environment (Aerts and
de Caluwe, 1997; Song et al., 2021). High mass loss rates of plant
litter in autumn burnt sites and spring unburnt sites were also
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found, indicating that the activity of microbial metabolism in
these two site types was higher than that in other sites (Figure 2).
The nutrients in the decomposed part of plant litter are more
easily released into the surrounding environment, which was
speculated to be the reason for the slightly lower AI of nutrients
in high mass loss rates of plant litter than that in low mass loss
rates of plant litter.

There are also several differences in the changing trends
of the AI for different nutrient elements. For example, AI-N
increased gradually before day 91st, and the average values of
AI-N during this period were higher than 100%, which means
that the N accumulation rates were higher than the loss rates at
the beginning of decomposition. The AI-P decreased gradually,
and the average values were lower than 100% before day 56th,
which means that P was released from the plant litter to the
surrounding environment before this day. Although N and P
are both important nutrients for microbial metabolism, there
are marked differences in biogeochemical cycling in natural
ecosystems, especially in anaerobic environments. For example,
microbes can fix N from the atmosphere and convert organic
N to inorganic N in both aerobic and anaerobic environments
(Reddy and DeLaune, 2008). The natural sources of inorganic
P are mainly dust and rock weathering, and organic P from the
decomposition of plant litter and organic matter. The transfer
of organic to inorganic P through microbial metabolism occurs
only in aerobic layers (Reddy and DeLaune, 2008). Differences
in the biogeochemical processes of N and P lead to differences
in the availability of microbial activities (Zhao et al., 2022).
In particular, for plant litter decomposition experiment in the
present study, which are located under the water table, the
flooding environment causes difficulty in the conversion of
organic P in surface soils to inorganic P; microbes cannot absorb
organic P directly. Thus, the AI-P in the residual plant litter
before day 56th was lower than 100%, and the P in the plant litter
released to the surrounding environment was accompanied by
mass loss. However, because microbes absorb N in an anaerobic
environment more easily than P, the AI-N in the residual litter
at the beginning of decomposition was higher than 100%. With
increasing decomposition time, the mass loss rate gradually
decreased, and the microbes adapted to the environment and
gradually absorbed P from the surrounding environment. The
AI-P markedly increased on days 91st and 121st, and the
increasing trend was more obvious than that for AI-N. Previous
studies also found that plant litter could accumulate P, and the
AI-P was higher than 800% (Qualls and Richardson, 2000). The
potential reason for this result was speculated to be that the N
in plant litter may be released into the atmosphere as N2 or
N2O through the denitrification process, and the mobility of
N is markedly higher than that of P (e Silva et al., 2007; Rubol
et al., 2012). The loss of N in residual plant litter was easier
than the loss of P, and there was no marked increase in N with
increasing decomposition time. The biogeochemical cycling of
S in an anaerobic environment was similar to that of P, and

the transfer of organic S to inorganic S only occurred in the
aerobic environment (Reddy and DeLaune, 2008). The AI-S in
the residual plant litter before day 56th was lower than 100%
in total, which means that the S released from plant litter to
the surrounding environment was accompanied by mass loss.
S may also be emitted to the atmosphere through H2S under
the anaerobic environment, which is similar to the loss process
of N. Thus, the biogeochemical character of S led to a marked
increase in the AI-S in residual plant litter after day 56th, and
the increasing trend was weaker than that of AI-P.

Shortly, the P and S were mainly released from plant litter
to the surrounding environment before day 56th, and then
accumulated in plant litter through the microbes absorbed from
the surrounding environment. Because S could be released into
the atmosphere through H2S under anaerobic conditions, the
increasing trend of AI-P in the residual plant litter was more
marked than that of AI-S. Compared to P and S, N was more
easily utilized by microbes in anaerobic environments, and more
N accumulated in the residual plant litter during the 121-day
decomposition time in the present study.

Direct effect of burning on element
ratios in residual litters

The element ratios are widely used to evaluate the
decomposition and nutrient changes of residual plant litter, and
we selected C/N, C/P, N/P, and C/S to reflect the decomposition
degree, nutrient limit, and acid stress, respectively (Güsewell
and Verhoeven, 2006; Wang et al., 2019). The C/N ratio is a
good indicator of the degree of decomposition because it reflects
the ratio of carbohydrate to protein, and N is more stable than
C during litter decomposition (Broder et al., 2012; Sun et al.,
2012). As the C/N ratio decreased, the residual carbon decreased
and the decomposition degree of plant litter increased. In the
present study, the C/N ratio in the burnt sites was higher than
that in the unburnt sites. The C/N ratio in the autumn burnt
sites was higher than that in the spring burnt sites before day
91st, and then lower than that in the spring burnt sites on
day 121st (Figure 4). Considering the variation trend of AI-
N and AI-C, changes in the C/N ratio were mainly influenced
by the accumulation of N, especially for the autumn burnt
sites. The low N accumulation rates of residual plant litter in
autumn-burnt sites was the major reason why the C/N ratio was
higher than that in unburnt sites. Because N also accumulates
through microbial activity at the initial stage of plant litter
decomposition, the C/N ratio may not be a good indicator of
carbon loss in plant litter.

In addition to the C/N ratio, the C/P ratio can be used
to reflect the P available during the plant litter decomposition
process. The C/P ratio of plant litter before day 56th was
markedly higher than that after day 91st, and the C/P ratio
of plant litter in the autumn burnt sites was markedly higher
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than that in the autumn unburnt sites—especially on days 56th
and 91st. Due to the small amount of P absorbed by microbes
in the initial stage, the P in the plant litter was released to
the surrounding environment, accompanied by mass loss. The
low P content in the residual plant litter caused the C/P ratios
to be higher than 3,000. Similar results were also found in
a previous study in which litter decomposition was strongly
limited by a high C/P ratio in the initial stage (Aerts and
de Caluwe, 1997). After day 56th, the increase in AI-P in
residual plant litter indicated the accumulation of P from the
surrounding environment and a significant decrease in the C/P
ratio. Compared to unburnt sites, autumn burning significantly
increased the C/P ratio, which also indicated that the degree
of P loss in the initial stage of litter decomposition was higher
than that in unburnt sites. The potential reason for this is that
microbial metabolism in autumn-burnt sites was more active
than that in unburnt sites, and more C and P loss occur during
decomposition. Compared to the loss of C, the loss of P in
autumn burnt sites was more serious than that in unburnt sites,
and thus increased the C/P ratios in total.

In addition to the amount of N and P, the N/P ratio is
also important for the decomposition of plant litter. The critical
N/P ratio (threshold between N and P limitation) was 25 for
graminoid leaf litter (Güsewell and Verhoeven, 2006). In the
present study, the N/P ratio was lower than 20, which indicates
that the decomposition environment is the N limitation of litter
decomposition, and bacteria were most abundant on cellulose
(Güsewell and Gessner, 2009). Before day 56th, the N/P ratios
ranged between 16.21 ± 2.33 and 23.32 ± 5.06, and the N/P
ratios in unburnt sites were higher than those in autumn burnt
sites, while they were lower than those in spring burnt sites. As
the decomposition time increased, more P accumulated in the
plant litter, and the N/P ratio decreased significantly and was
lower than 10 (Figure 4D). The present results show that the
plant litter decomposition process in the studied C. angustifolia
litter was N limitation, and spring burning increased the N/P
ratio and slightly decreased the N limitation effects on litter
decomposition. Although P was lost at the initial stage of plant
litter decomposition, the N/P ratio was still lower than 25,
indicating that the residual P in plant litter was sufficient for
microbial metabolism. As the AI-P increased significantly on
day 91st, the N/P ratio significantly decreased, which means
that the N limitation environment for litter decomposition was
clearer and the changes in N content in residual plant litter
were the major factors that influenced the decomposition rates
of plant litter.

The release of S from plant litter to the surrounding
environment may decrease the pH of the water environment
and cause S stress on microbial activities for plant litter
decomposition (Wang et al., 2019). As the decomposition time
increased, the C/S ratio decreased, indicating that the loss rates
of S were lower than the C loss rates. More S accumulated
in plant litter and the marked decrease in the C/S ratio

indicated that S stress on microbial metabolism increased and
may become a stress factor that decreases the decomposition
rates of plant litter. After 121 days of decomposition, the C/S
ratios in plant litter in autumn burnt sites were higher than
those in autumn unburnt sites; opposite trends were found in
spring burnt sites. Autumn burning increased the C/S ratio in
residual plant litter, which decreased the S stress for plant litter
decomposition, and spring burning increased the S stress for
plant litter decomposition. The difference of S stress may also
explain why more plant litter was decomposed in autumn burnt
sites than those in autumn unburnt sites.

The overall trends of selected element ratios in residual
plant litter in burnt and unburnt sites were similar, and the
ratio of C/P and C/S decreased significantly on day 91st. The
N/P ratio during the entire decomposition process was lower
than 25, indicating that the decomposition environment was
limited by N. The accumulation of P after day 91st increased
the importance of the N content in plant litter decomposition.
Similar to the previous discussion, the nutrient element
ratios also showed that autumn burning promoted a nutrient
environment more suitable for plant litter decomposition, while
spring burning slightly decreased the nutrient availability for
plant litter decomposition.

Conclusion

Based on a 121-day plant litter decomposition experiment
in burnt and unburnt sites during the growing season, our
results showed that the decomposition rates of plant litter in
burnt and unburnt sites were markedly different, and that
the burning season acts as a major factor that influences
the decomposition process of residual plant litter. As the
decomposition time increased, the carbon released to the
surrounding environment was accompanied by mass loss, and
nutrient elements accumulated in the residual plant litter.
Autumn burning promoted carbon and mass loss from plant
litter, whereas the mass loss rates of plant litter in spring burnt
sites were lower than those in spring unburnt sites. P and S
were released from plant litter to the surrounding environment
before day 56th, and then accumulated more markedly in the
plant litter. Unlike P and S, N accumulated in the residual plant
litter during the 121-day decomposition period. The N/P ratio
of plant litter in the spring burnt sites was significantly higher
than that in other site types, and significantly decreased from
ca. 20 on day 56th to ca. 9 on day 121st. A low N/P ratio
indicates that N is the limiting nutrient element for plant litter
decomposition in C. angustifolia wetlands, and the limitation of
N became more serious as the decomposition time increased.
Our results also suggest that the autumn burning accelerate the
plant litter decomposed and nutrient elements accumulated in
the residual plant litter, which may more benefit of elements
cycling in C. angustifolia wetlands than the spring burning.
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