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of Environment Sciences, University of Quebec at Montreal, Montreal, QC, Canada

Atmospheric deposition of nitrogen (N) and phosphorus (P) far exceeding

the pre-industrial levels have the potential to change carbon (C) dynamics

in northern peatlands. However, the responses of soil C concentration

and organo-chemical composition to different rates and durations of

nutrient enrichment are still unclear. Here, we compared the short-

(3 years) and long-term (10 years) effects of N and P fertilizations on the

physicochemical properties of peat and porewater in a bog-fen complex

in northern China. Our results showed that the short-term fertilization

increased Sphagnum moss cover, while the expansion of vascular plants

was observed owing to the long-term fertilization. The preserved soil C

did not vary considerably after the short- and long-term fertilizations. The

harsh soil conditions may impede the decomposition of organic matters

by soil microorganisms during the short-term fertilization. For the long-

term fertilization, the input of high-phenolic litters owing to vascular

plant expansion likely exerted an important control on soil C dynamics.

These processes constrained the variation in soil C concentrations when

the addition rate and cumulative amount of external N and P increased,

which will advance our understanding and prediction of the resilience

of soil C storage to imbalanced nutrient enrichment of N and P in

northern peatlands.
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Introduction

Peatlands are important carbon (C) sinks which store 500–
700 Gt of soil organic C, but only comprise about 3% of the
land surface (Gorham, 1991; Yu et al., 2010). These massive C
sequestrations result from the imbalance between production
and decomposition under waterlogged, acid and nutrient-
deficient conditions (Schothorst, 1977; Rydin and Jeglum, 2013).
Nutrient deposition may have unforeseen effects on global
peatlands, for example increase soil C release, leading to a
catastrophic impact on future climate (Dash et al., 2020; Wang
et al., 2021). Unfortunately, significant increase in atmospheric
deposition of reactive nitrogen (N) and phosphorus (P) have
been observed due to fertilization, mining, and fossil fuel
combustion in recent decades (Rice and Herman, 2012; Tipping
et al., 2014; Ackerman et al., 2019). Furthermore, considering
the possibly faster increase of N input than P input, the
imbalance of N and P enrichment was expected to deteriorate
(Peñuelas et al., 2013), which may change plant community
composition and present a substantial threat to soil C stock
(Moore et al., 2019; Schlesinger and Bernhardt, 2020).

Numerous nutrient manipulation experiments have been
established in global peatlands to gain insight into the effects
of nutrient enrichment on soil C decomposition, but these
studies usually produced different or even contrasting results
(e.g., Bubier et al., 2007; Li et al., 2019; Moore et al., 2019).
These discrepancies might result from various biotic controls
associated with shift in plant community compositions on soil
C mineralization. For example, long-term fertilization might
stimulate vascular plant growth at the expense of moss (Moore
et al., 2019; Schlesinger and Bernhardt, 2020), and this change
may have complex effects on preserved soil C.

As for the negative effect, the expansion of vascular
plants, especially by the extended root network, would raise
peat surface, and further contribute to the hummock-hollow
microtopography to ameliorate waterlogged stress (Moore et al.,
2002; Schlesinger and Bernhardt, 2020). Subsequently, this may
further enhance ecosystem respiration and change nutrient
storage and enzyme activity (Larmola et al., 2013; Li et al.,
2020). This vascular plant-mediated effect could be reflected not
only in peat quality, but also in porewater chemistry (Moore
et al., 2019). For example, the concentrations of dissolved
N and P in porewater were positively related to proteins or
protein precursors exuded by plant roots and microorganisms
but negatively related to the “capacity of the ‘filter”’ function
of Sphagnum moss (Limpens et al., 2004; Chiwa et al., 2016;
Moore et al., 2019).

As for the positive effect, a series of cascading effects caused
by increased vascular plant growth might retard organic matter
decomposition and obscure microbial response to nutrient
inputs (Li et al., 2019; Fenner and Freeman, 2020; Wang et al.,
2021). Microbial decomposers might be much less responsive
to the enrichment of external nutrients in shrub-dominated

peatlands (e.g., Wang et al., 2015; Fenner and Freeman,
2020), because the improved litter quality and increased tannin
production, associated with shift in the dominance of vascular
plants, could effectively bind protein and inhibit enzyme
activity by oxidative degradation and biotoxicity (Freeman
et al., 2001; Wang et al., 2015). This was supported by a
long-term decomposition experiment conducted by Fenner
and Freeman (2020), in which the water-soluble phenolics
leached from wood trunks inhibited both the extracellular and
intracellular metabolism and lowered nutrient mobilization.
Besides, vascular plants could strongly compete with soil
microorganisms for available nutrients through extended root
and releasing allelopathic compounds (van Breemen, 1995;
Schlesinger and Bernhardt, 2020). In both cases, because the
activities of microbial decomposers were inhibited by protein-
binding phenolic compounds from the litters of vascular plants,
the expansion of vascular plants may eventually counteract the
negative effects of nutrient enrichment on soil C stock (Freeman
et al., 2001; Wang et al., 2015; Fenner and Freeman, 2020). The
above-mentioned confounding effects make it difficult for the
results of current studies to reach a consensus (Rousk et al.,
2013; Wang et al., 2015). Therefore, the interactive effect of
N and P enrichment on soil C decomposition is still under-
investigated, especially in northern peatlands where to the
shift in plant community composition occurs under cumulative
nutrient fertilization.

The absorption bands of Fourier transform infrared (FTIR)
spectroscopy can indicate the composition of major peat
chemical moieties, such as polysaccharides, lignin, phenolics,
and carboxylates (Biester et al., 2014; Moore et al., 2019;
Drollinger et al., 2020). With regard to the peak intensity ratios,
the relative contributions of refractory organic compounds
increased compared to labile polysaccharides can be identified
as an increase in the degree of organic matter decomposition,
considering that the liberated monomers from carbohydrates
are easily assimilated by microorganisms or oxidized to generate
metabolic energy (Niemeyer et al., 1992; Cocozza et al., 2003;
Broder et al., 2012). In this study, we evaluated whether
and how the interrelated chemical properties of peat and
porewater and plant community composition were changed by
N and P enrichment that ultimately affected C storage under
short- (3 years) and long-term fertilization (10 years) at Hani
peatland, northeastern China. Specifically, we quantified the
total concentrations of C, N, P, and metals in peat, and the
concentrations of dissolved C, N, and P in porewater, as well as
four humification indices of surface peat via FTIR spectroscopic
analysis. We intended to test the following two hypotheses:
(1) in Sphagnum moss-dominated plots, the strong changes in
chemical moieties in peat and/or porewater due to short-term
fertilization could threaten the reservoir of soil organic C and
(2) the increased phenolics input due to the loss of Sphagnum
and the expansion of vascular plants would protect soil C stock
during long-term N and P additions.
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Materials and methods

Study site and fertilization experiments

This study was conducted at Hani peatland (42◦13′N,
126◦31′E) in Changbai Mountains, northeastern China. Hani
peatland is a bog-fen complex with a mean annual precipitation
of 757–930 mm and a mean annual temperature of 2.5–3.6◦C
(Bu et al., 2011). The average peat depth in the area is 4 m
with a maximum depth of 9.6 m (Qiao, 1993; Bu et al.,
2011). The short- (since 2018) and long-term (since 2007) N
and P fertilization experiments were both established on large
hummocks in the open bog region of Hani peatland. A factorial
design was used with three levels of N addition (0, 5, and 10 g
N m−2 year−1; i.e., 0N, 5N, 10N) and in combination with P
addition (0, 0.5, and 10 g P m−2 year−1; i.e., 0P, 0.5P, 1P). There
were four replicates for each treatment combination, and the
size of fertilized plot was 1.2 m × 1.2 m for the short-term
experiment and 0.8 m × 0.8 m for the long-term experiment.
In total, there were 72 plots (9 treatment combinations × 4
replicates × 2 fertilization experiments). Nitrogen and P
was applied as ammonium nitrate (NH4NO3) and sodium
dihydrogen phosphate (NaH2PO4·2H2O), respectively, and the
control plots were supplied with deionized water. The dominant
shrubs are Betyla ovalifolia Rupr., Rhododendron parvifolium
Adams, and Potentilla fruticose Linn., and the dominant
herbaceous plants are Carex lasiocarpa Ehrh., Eriophorum
polystachion L., and Smilacina japonica A. Gray. The underlying
moss layer is dominated by Sphagnum palustre Linn. and
Polytrichum commune Linn. ex Hedw.

Vegetation measurements

We used point intercept method to determine the
abundances of Sphagnum moss and vascular plants in the
fertilized plots (Larmola et al., 2013). Briefly, a customized stain-
steel frame (60 cm × 60 cm) with 61 grid points was used
for the measurement. The number of times (i.e., “hits”) were
recorded when the leaves of vascular plants at different height
or Sphagnum capitula on the ground contacted a carbon fiber
rod (2 mm in diameter) over the grid points. Sphagnum moss
abundance (i.e., cover) was calculated by the total number of hits
divided by 61. Vascular plant abundance (not identical to plant
cover) was approximated by the total number of hits per unit
area (i.e., hits m−2).

Physicochemical properties of peat
and porewater

Peat samples (20 g of fresh peat) at 0–5 cm from the long-
term and short-term fertilized plots were collected in August
2017 and 2020, respectively. Living mosses were removed and

the remaining peat samples were stored at 4◦C prior to analyses
within seven days. A subset of fresh peat samples was dried
at 65◦C and ground with a ball mill (MM400, Retsch GmbH,
Haan, Germany). Total carbon (TC) and total nitrogen (TN)
concentrations were measured on an elemental analyzer (vario
MACRO cube, elementar, Germany). The remaining samples
of the ground peat were digested in concentrated sulfuric
acid and hydrogen peroxide with selenium and lithium sulfate
as catalysts (Parkinson and Allen, 2008). Total phosphorus
(TP) concentration of samples from the long-term fertilized
plots was determined colorimetrically using the ammonium
molybdate-ascorbic acid method (Murphy and Riley, 1962) on
a continuous flow analyzer (San + +, Skalar Analytical B.V.,
Breda, Netherlands). Total P concentration of samples from
the short-term fertilized plots was determined by the malachite
green method against calibration standard (Ohno and Zibilske,
1991) on a full-wavelength microplate reader (Multiskan GO,
Thermo Fisher, Finland). Potassium (K), calcium (Ca), and
magnesium (Mg) concentrations were measured on an atomic
absorption spectrophotometer (AA-7003A, EWAI company,
China), with the calibration standards of potassium chloride,
calcium carbonate, and magnesium sheet, respectively. The data
of TC, TN, and TP concentrations in the long-term fertilized
plots were derived from our previous study (Li et al., 2019).

In August 2020, we collected porewater samples
(∼30 mL) from the short- and long-term fertilized plots
with MacroRhizons tubes (Rhizosphere Research Products
B.V., Wageningen, Netherlands). Concentration of dissolved
organic carbon (DOC) was measured on a TOC analyzer
(TOC-L, SHIMADZU, Japan). The concentrations of NH4

+-N,
NO3

−-N, and PO4
3− [i.e., dissolved inorganic phosphorus

(DIP)] in porewater were measured on a continuous flow
analyzer (San+ +, Skalar Analytical B.V., Breda, Netherlands).
The concentration of dissolved inorganic nitrogen (DIN) was
calculated as the sum of NH4

+-N and NO3
−-N concentrations.

The remaining porewater samples were then digested with
potassium persulfate at 120◦C for 1 h to quantify the total
dissolved N and P concentrations (TDN and TDP). The
concentration of dissolved organic nitrogen (DON) was
calculated as the difference between the concentrations of TDN
and DIN. Similarly, the concentration of dissolved organic
phosphorus (DOP) was calculated as the difference between the
concentrations of TDP and DIP.

Organic chemistry analysis

The organo-chemical composition of dried peat samples
was measured on a FTIR spectrometer (Vetex70, BRUKER,
Germany) with absorption mode. Specifically, 2 mg of ground
and oven-dried peat sample was mixed with 200 mg of
potassium bromide, and then pressed to translucent pellets.
The range of the wavenumber was 4,000 to 400 cm−1 with a
resolution of 2 cm−1 and 16 scans per sample were collected.
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The background of potassium bromide was removed from
the spectra, and then atmospheric compensation and baseline
correction was performed (see section “statistical analyses”). To
determine the degree of humification of peat samples, spectra
peaks around the following wavenumbers were recorded:
1,090 cm−1 (polysaccharide), 1,420 cm−1 (carboxylates and
humic acids), 1,510 cm−1 (lignin and phenolics), 1,630 cm−1

(mainly aromatics), and 1,720 cm−1 (carboxylates–acids)
(Niemeyer et al., 1992; Moore et al., 2019; Drollinger et al.,
2020). Humification indices were calculated as the ratios of
the absorption at corresponding wavenumbers, i.e., 1,420/1,090,
1,510/1,090, 1,630/1,090, and 1,720/1,090 (Niemeyer et al., 1992;
Cocozza et al., 2003; Broder et al., 2012). The decreases in these
humification indices were considered to reflect the enhanced
degree of organic matter decomposition (Niemeyer et al., 1992;
Broder et al., 2012).

Statistical analyses

Statistical analyses were performed using R 4.0.4 (R
Core Team, 2021). Data normality and the homogeneity of
variance were examined with Shapiro–Wilk tests and Levene’s
tests, respectively. Two-way ANOVAs were used to test
the fertilization effect on plant abundance, physicochemical
properties, and humification indices using the addition rates
of N, P, and their combination as fixed factors for the short-
and long-term fertilization experiments separately. Post hoc
multiple comparisons were conducted using Tukey’s test at the
significance level of P < 0.05. Two-sample t-test was used
to compare the results of plant abundance, physicochemical
properties, and humification indices between the short- and
long-term fertilization under the same N or P addition rate.
The ir (Teickner, 2022) and irpeat (Teickner and Hodgkins,
2022) packages in R were used to process the spectra
of FTIR, including baseline correction, normalization, and
calculation of humification indices. Spearman’s correlation
analysis was conducted to detect the relationships between plant
species abundance and physicochemical properties of peat and
porewater. Hierarchical partitioning was employed to assess
the contribution of physicochemical properties of peat and
porewater on organic matter decomposition as indicated by
four humification indices using the rdacca.hp package in R
(Lai et al., 2022).

Result

Peat and porewater chemistry

We did not observe any significant change in TC
concentration in peat under neither fertilization experiment
(Table 1). For the short-term fertilization, without significant
N by P interaction, N and P additions significantly increased

TN and TP concentrations, respectively. However, for the
long-term fertilization, the effect of N and P interaction on
nutrient concentrations was significant. Specifically, under the
same rate of P addition, N addition increased TN (P < 0.001)
and TP concentrations (P = 0.034); under the same rate of
N addition, P addition increased TP concentration (Table 1).
In combination with the highest rate of N addition (i.e.,
10 g N m−2 year−1), P addition ultimately increased TN
concentration by 54% (P < 0.001). Short-term fertilization
had little effect on K, Ca, and Mg concentrations, while
long-term N addition significantly decreased K concentration
(P < 0.001; Table 1). Compared to the short-term fertilization,
long-term N and/or P additions significantly decreased Ca and
Mg concentrations.

As for porewater chemistry, the concentrations of dissolved
nutrients only showed weak responses to N and/or P
additions in both experiments (Table 2). Specifically, the
short- or long-term fertilization did not show significant
effect on DOC concentration (Table 2). Nitrogen addition
significantly increased the concentrations of NH4

+-N (short-
term, P = 0.017; long-term, P < 0.001) and DON (short-term,
P= 0.045; long-term, P= 0.038;Table 2). In particular, the long-
term N addition significantly increased DON concentration
compared to the short-term fertilization. We did not observe
significant change in dissolved P concentrations (i.e., DIP and
DOP) in neither experiment (Table 2).

Variation in plant abundance

For the short-term fertilization, the abundance of Sphagnum
moss was increased by 25–70% compared to the control (i.e.,
0N0P treatment; Figure 1A). The total abundance of vascular
plants was substantially reduced by N-only addition and the
combination of N and P additions (Figure 1B). Strong and
positive correlation between Sphagnum moss abundance and
TP concentration was observed after short-term fertilization
(Spearman’s ρ= 0.55, P < 0.001; Figure 2A). For the long-term
fertilization, the abundance of Sphagnum moss was decreased by
21–55%, while the abundance of vascular plants was increased
by 0.4–28% (Figures 1C, D). Results of Spearman’s correlation
analysis indicated that the abundance of vascular plants was
significantly and negatively correlated with Sphagnum moss
abundance (ρ = −0.39, P = 0.013), and significantly and
positively correlated with TP concentration under the long-term
fertilization (ρ= 0.48, P = 0.014; Figure 2C).

Humification indices and the
contributions of physicochemical
properties

The additions of N and P did not remarkably increase
the degree decomposition of organic matter as indicated
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TABLE 1 Peat chemical properties under different treatments in the short- and long-term fertilizations.

Treatment TC (mg g−1) TN (mg g−1) TP (mg g−1) K (mg g−1) Ca (mg g−1) Mg (mg g−1)

Short-term fertilization

0N0P 424.7± 2.8 8.9± 0.5a 1.8± 0.1A 2.0± 0.1* 4.6± 0.2* 1.3± 0.3

5N0P 416.6± 4.8 11.2± 0.4b 1.9± 0.2A 2.0± 0.1 4.3± 0.2* 0.9± 0.1*

10N0P 422.0± 2.9* 12.7± 0.8c* 2.3± 0.2A 1.5± 0.1* 4.0± 0.6* 0.9± 0.1*

0N0.5P 420.2± 5.1 8.8± 0.3a 2.8± 0.1B 2.1± 0.1* 5.5± 0.2* 0.9± 0.0*

0N1P 408.6± 0.8 8.9± 0.4a 4.1± 0.1C 1.8± 0.1* 4.8± 0.3* 0.8± 0.0*

5N0.5P 433.6± 3.1 11.6± 0.5b 2.9± 0.1B 1.9± 0.2 4.3± 0.3* 1.0± 0.1*

10N0.5P 416.1± 5.0 13.4± 0.5c 3.1± 0.1B 1.5± 0.3 5.3± 0.2* 0.9± 0.0*

5N1P 413.5± 6.6 11.7± 0.1b 4.1± 0.0C 1.9± 0.2 4.6± 0.1* 0.8± 0.0*

10N1P 418.6± 8.9 12.6± 0.5c* 3.9± 0.0C 2.1± 0.2 4.2± 0.1* 0.8± 0.0*

Long-term fertilization

0N0P 411.0± 3.8 9.8± 0.7aA 0.5± 0.1aA 4.4± 0.3b* 0.2± 0.0* 0.1± 0.0a

5N0P 423.7± 4.7 12.8± 0.8aA 0.5± 0.0aA 2.8± 0.2a 0.3± 0.2* 0.2± 0.1ab*

10N0P 387.2± 4.3* 16.6± 0.4bB* 0.6± 0.0aA 3.4± 0.1a* 0.4± 0.1* 0.3± 0.0b*

0N0.5P 412.8± 9.9 10.0± 1.1aA 0.8± 0.1aB 6.0± 0.1b* 0.2± 0.0* 0.1± 0.0a*

0N1P 421.2± 10.2 10.0± 1.1aA 0.9± 0.0aB 4.5± 0.7b* 0.1± 0.1* 0.1± 0.0a*

5N0.5P 425.0± 5.3 11.8± 0.8aA 0.7± 0.1aB 3.3± 0.7a 0.3± 0.0* 0.2± 0.0ab*

10N0.5P 393.6± 14.9 12.9± 1.5bA 0.8± 0.1aB 3.5± 0.5a 0.3± 0.1* 0.3± 0.1b*

5N1P 414.9± 7.0 14.3± 0.9bA 1.1± 0.0abC 3.4± 0.5a 0.4± 0.2* 0.2± 0.0ab*

10N1P 431.3± 8.1 20.5± 0.8cC* 1.2± 0.0bC 3.2± 0.3a 0.5± 0.1* 0.2± 0.0b*

Different lowercase letters represent significant differences among N treatments under the same P addition rate. Different uppercase letters represent significant differences among P
treatments under the same N addition rate. Asterisks represent significant differences between the short- and long-term fertilization at the same N or P addition rate.

TABLE 2 Porewater chemical properties under different treatments in the short- and long-term fertilizations.

Treatment DOC
(mg C L−1)

NH4
+-N× 10

(mg N L−1)
NO3-N× 10
(mg N L−1)

DON
(mg N L−1)

DIP× 10
(mg P L−1)

DOP× 10
(mg P L−1)

Short-term fertilization

0N0P 51.9± 3.0 0.4± 0.1a 0.7± 0.1 0.3± 0.0a 0.6± 0.1 0.3± 0.2

5N0P 62.0± 4.8* 0.8± 0.7a 0.3± 0.7 0.4± 0.0ab* 0.6± 0.1 0.3± 0.1

10N0P 59.0± 4.4 2.0± 0.5b 0.5± 1.0 0.5± 0.2b* 0.7± 0.1 0.5± 0.2

0N0.5P 66.8± 3.4 0.7± 0.1a 0.4± 0.1 0.4± 0.0a* 0.7± 0.1 0.5± 0.1

0N1P 60.0± 7.6 0.6± 0.1a 0.2± 0.1 0.3± 0.0a* 0.6± 0.1 0.3± 0.1

5N0.5P 51.4± 5.6 0.9± 0.5a 0.2± 0.5 0.8± 0.0ab* 0.6± 0.1 0.3± 0.1

10N0.5P 54.7± 0.5 4.9± 2.0b 0.9± 1.1 0.3± 0.0b* 0.9± 0.1 0.2± 0.1

5N1P 54.8± 7.4 0.7± 0.1a 0.5± 0.1 0.4± 0.0ab* 0.9± 0.1 0.1± 0.2

10N1P 70.4± 0.1 2.7± 0.9b 0.4± 0.2 0.5± 0.0b* 0.7± 0.1 0.4± 0.1

Long-term fertilization

0N0P 70.6± 12.3 1.0± 1.0a 0.3± 0.3 0.5± 0.0a* 0.3± 0.1 0.3± 0.3

5N0P 75.8± 9.6* 6.5± 1.5b 0.7± 0.05 1.4± 0.2b* 0.3± 0.1 0.2± 0.2

10N0P 73.3± 28.7 6.4± 2.1b 0.9± 1.0 2.1± 0.5c* 0.3± 0.3 0.2± 0.4

0N0.5P 56.7± 4.9 1.2± 0.4a 0.7± 0.2 0.8± 0.0a* 0.3± 0.1 0.1± 0.3

0N1P 62.8± 4.0 0.9± 0.1a 0.1± 0.1 0.7± 0.0a* 0.4± 0.3 0.4± 0.3

5N0.5P 58.8± 12.1 5.7± 2.9b 0.3± 0.4 1.0± 0.4b* 0.4± 0.2 0.1± 0.1

10N0.5P 67.7± 3.8 5.9± 0.8b 0.7± 0.4 1.7± 0.3c* 0.4± 0.3 0.4± 0.5

5N1P 61.8± 10.6 8.8± 1.2b 1.0± 0.6 1.2± 0.1b* 0.5± 0.3 0.2± 0.3

10N1P 73.0± 9.5 5.8± 0.7b 1.1± 0.6 1.8± 0.3c* 0.6± 0.1 0.1± 0.1

Different lowercase letters represent significant differences among N treatments under the same P addition rate. Different uppercase letters represent significant differences among P
treatments under the same N addition rate. Asterisks represent significant differences between the short- and long-term fertilization under the same N or P addition rate.
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FIGURE 1

Abundance of Sphagnum moss (A,C) and vascular plants (B,D) in response to the short- and long-term fertilizations.

by the humification indices (Figure 3). For the short-
term fertilization, N and P additions weakly increased
the absorbances of refractory components of the organic
compounds (i.e., carboxylates and humic acids at 1,420 cm−1;
lignin and phenolics at 1,510 cm−1; aromatics at 1,630 cm−1;
carboxylates–acids at 1,720 cm−1) and labile polysaccharide
moieties (1,090 cm−1; Figure 3A). The humification indices did
not change significantly after N and/or P additions (Figures 3B–
E). For the long-term fertilization, N and/or P additions,
especially the combination of N and P additions, increased the
absorbances of refractory components of organic compounds
relative to the control (Figure 3F). Two of the humification
indices (i.e., 1,510/1,090 and 1,630/1,090) were significantly
increased in the long-term fertilized plots (Figures 3H,I).
Specifically, N addition increased the ratio of 1,510/1,090 under
the same rate of P addition, and this ratio also increased with
P addition under the same rate of N addition (Figure 3H).
However, the effect of N addition on the ratio of 1,630/1,090

depended on P addition rates (i.e., interactive effect). That is,
the ratio of 1,630/1,090 was significantly increased by N addition
only under the largest rate of P addition (i.e., 1 g P m−2 year−1).
In combination with 5N treatment, the largest rate of P addition
significantly increased the ratio of 1,630/1,090 (Figure 3I).

Results of hierarchical partitioning analysis indicated that
TP concentration was the most important factor influencing
the variations in humification indices both under the short-
and long-term fertilizations (Figures 2B,D). For the short-
term fertilization, the full model R2 of environmental variables
was 0.09, indicating that peat and porewater chemical
properties only had weak relationships with humification
indices (Figure 2B). Specifically, TP concentration explained
the largest proportion of variations in humification indices
(R2
= 0.07), followed by DOC (R2

= 0.03) and TN
concentrations (R2

= 0.02). For the long-term fertilization,
the full model R2 of environmental variables was 0.42. TP
concentration was the most important factor in explaining the
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FIGURE 2

Spearman’s correlations between plant species abundance and physicochemical properties of peat and porewater under the short- (A) and
long-term fertilizations (C), and the hierarchical partitioning between physicochemical properties of peat and porewater and the humification
indices under the short- (B) and long-term fertilizations (D). Asterisks represent significant correlations.

variations in humification indices (R2
= 0.23), followed by DON

(R2
= 0.07) and DOP concentrations (R2

= 0.06; Figure 2D).

Discussion

Changes in plant abundance and
environmental variables

We found divergent results with regard to the responses
of plant abundance to the short- and long-term fertilizations
(Figure 1). During the short-term fertilization, the abundance
of Sphagnum moss was increased by 25–70% after N and/or
P additions (Figure 1A). It is not surprising to observe a
positive effect of inorganic N and/or P inputs on the growth
of Sphagnum moss at a low cumulative amount, considering
that plant growth in peatlands is often constrained by limited
N and/or P availabilities (Leon et al., 2019; Dash et al., 2020).
This increase of Sphagnum moss abundance under short-term
fertilization has been observed in many previous studies (e.g.,
Limpens et al., 2004; Bubier et al., 2007; Leon et al., 2019).
Meanwhile, the positive correlations between Sphagnum moss
abundance and TN and TP concentrations (Figure 2A) may
indicate N and P co-limitation as observed in other peatlands
(e.g., Cusell et al., 2014; Wang et al., 2016).

Long-term fertilization has shifted the dominant plant
functional type from being Sphagnum moss to vascular plants

(Figures 1C,D). Specifically, the increase in vascular plant
abundance and decline in Sphagnum moss abundance were
observed after the additions of N, P and their combinations
(Figures 1C,D). Namely, the effects of nutrient addition on plant
growth and community composition were dependent on the
cumulative amount (i.e., rate and duration) of N and P additions
(Larmola et al., 2013). Wieder et al. (2019) has documented that
5-year N addition (25 kg N ha−1 year−1) inhibited the growth of
Sphagnum fuscum, while increased the net primary productivity
of shrubs and a tree species (Picea mariana). Li et al. (2018)
observed that the productivity of S. palustre was the largest when
the rate of P addition reached 2 kg P ha−1 year−1, whereas
any further increase in the addition rate inhibited its growth.
Overall, the expansion of vascular plants owing to long-term
nutrient enrichment has become a more commonly observed
phenomenon in northern peatlands (e.g., Kool and Heijmans,
2009; Wang et al., 2016; Moore et al., 2019).

This shift in plant community composition may be induced
by a variety of factors, including nutrient toxicity, shading
effect, and microtopography disturbance (Heijmans et al., 2001;
Pouliot et al., 2011; Larmola et al., 2013). In the early stage
of fertilization, N and/or P additions stimulated Sphagnum
moss growth by improving nutrient-poor condition (Leon et al.,
2019). Subsequently, with cumulative nutrient input, Sphagnum
moss began to lose the filtering capacity and suffered from the
competition of vascular plants which had access to enriched
N and P availabilities in peat (Bragazza et al., 2005; Larmola
et al., 2013). This possible toxic effect owing to nutrient
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FIGURE 3

Fourier-transform infrared (FTIR) spectra under the short- (A) and long-term fertilizations (F), and the humification indices under the short-
(B–E) and long-term fertilizations (G–J). Different lowercase letters represent significant differences among N treatments under the same P
addition rate in the long-term fertilization. Different uppercase letters represent significant differences among P treatments under the same N
addition rate in the long-term fertilization.

addition drove plant species change with loss of Sphagnum
moss, and increased the abundance of vascular plants (Larmola
et al., 2013). Furthermore, during the long-term fertilization,
the increased vascular plant biomass and litter accumulation
would further inhibit Sphagnum moss growth via shading effect
(Heijmans et al., 2001; Nordbakken et al., 2003). As observed
by Limpens and Berendse (2003), about 53% shading was
close to the tolerance limit of Sphagnum moss. As the height
and root biomass of vascular plants increased after long-term
fertilization, the difference in microtopography were enhanced
by physically reinforced “hummockification” (Pouliot et al.,
2011). This change of microtopography further resulted in
a lowering of water table by augmenting evapotranspiration
(Diamond et al., 2020). Aside from the water stress, the
increasing abundance of vascular plants would also reduce
the accessibility of Sphagnum moss to light and nutrient,
which further retarded its growth (Pouliot et al., 2011; Wieder
et al., 2019). This competition between Sphagnum moss and
vascular plants was confirmed by the significantly negative

relationship between their abundances under the long-term
fertilization (Figure 2C).

The changes of peat properties were owing to the combined
effects of nutrient addition and plant growth (Moore et al.,
2019). It was not surprising to observe the increase of TN
and TP concentrations after N and P additions (Table 1). We
did not find significant interaction between N and P after 3-
year fertilization, likely because of limited duration of nutrient
addition (Kellera et al., 2005). Interestingly, TP concentration
was positively correlated with the abundance of Sphagnum
moss under the short-term fertilization and the abundance of
vascular plants under the long-term fertilization, indicating that
P may play a more important role than N in controlling plant
growth at Hani peatland (Li et al., 2019). Compared to the
short-term fertilization, K concentration significantly increased
and that of Ca and Mg significantly decreased after the long-
term fertilization (Table 1). The much smaller concentrations
of Ca and Mg in the long-term fertilized plots relative to the
short-term ones might be caused by the larger plant uptake
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FIGURE 4

Schematic diagrams of the mechanisms of soil C protection in the short- (A) and long-term fertilizations (B). Red arrows indicate positive
influences and blue arrows indicate negative influences.

owing to favored growth of vascular plants under the long-
term fertilization (Moore et al., 2019). The increase in K
concentration could be mainly attributed to high leaching
velocity with litter decomposition of vascular plants under the
long-term fertilization (Bragazza et al., 2007).

Porewater chemistry was not only associated with external
nutrient input, but also regulated by the metabolism of soil
microorganisms and plants (Moore et al., 2019). Our results
disclosed that DON was the dominant dissolved N form,
followed by NH4

+-N and NO3
−-N (Table 2), which was

in line with many previous studies (e.g., Chiwa et al., 2016;
Moore et al., 2019). In particular, we found that N addition
significantly led to the build-up of DON and NH4

+-N under
both the short- and long-term fertilizations. It is possible that
large rate or long-term N addition can enhance microbial
activity and plant growth, and stimulate the secretion of
secondary metabolites (e.g., amino acids; Bragazza and
Limpens, 2004). Moreover, we observed a slight increase in
DIN concentration after the long-term fertilization, which may
be related to the decline in the capacity of Sphagnum moss
as a natural N “filter” owing to the decrease in abundance.
However, dissolved P concentration did not change significantly
(Table 2). The dissolved nutrients in porewater could be
easily assimilated by microorganisms or plants in the form of
monomers (Dugan et al., 2011). If a certain type of nutrient
limitation in peatlands was deteriorated, the corresponding
dissolved nutrients in porewater should be preferentially
assimilated by microorganisms and plants (Dugan et al., 2011;
Schlesinger and Bernhardt, 2020). Consequently, considering

that P might be more limited than N in northern peatlands
(e.g., Dimitrov et al., 2014; Hill et al., 2014), the dissolved
P in porewater was rapidly assimilated, and thus no
significant change in its concentration was observed after
nutrient addition.

Weak response of soil carbon

Overall, based on the results of peat and porewater
chemistry, TC and DOC concentrations and organic matter
composition did not vary considerably neither in our short-
term fertilized plots on Sphagnum moss-dominated hummocks,
nor on the hummocks where vascular plants expanded after
long-term N and/or P enrichment. These results contrasted with
our first hypothesis that N and P additions would significantly
change the composition of soil chemical moieties and
compromise soil C storage during the short-term fertilization
(Tables 1, 2). However, they partly supported our second
hypothesis that the flourish of vascular plants at the expense
of Sphagnum moss eventually protected soil C from being lost
during the long-term fertilization.

Specifically, as for the short-term fertilization, we observed
that TC and DOC concentrations did not change remarkably
with N and P additions (Tables 1, 2). Similarly, changes
in FTIR spectra were minimal, and we did not observe a
significant effect of the short-term nutrient addition on peat
organo-chemical composition as indicated by the humification
indices (Figures 3A–E). The short-term nutrient addition did
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not dramatically change the acidic, waterlogged, and nutrient-
deficient conditions, and thus the preserved C in peatlands
remained relatively stable (Clymo and Hayward, 1982; Fritz
et al., 2011). And this finding was also supported by the
extremely low contribution of environmental variables to
the humification indices. In addition, the balance between
litterfall and decomposition controls soil C dynamics (Berg and
Laskowski, 2006). In our study, the FTIR bands indicative of
polysaccharide increased in the fertilized plots (Figure 3A),
likely due to larger organic matter input instead of greater litter
production of predominant Sphagnum moss in the fertilized
plots relative to the control. Thus, Sphagnum moss growth may
partly compensate for the positive effects of short-term nutrient
enrichment on soil C release.

The shift in plant community composition could change
the accumulation of high molecular weight compounds via
litterfall under long-term fertilization (Moore et al., 2019).
The results of FTIR spectra showed that the absorptions
of refractory phenolic compounds, carboxylates, and humic
acids were enhanced in the fertilized plots, accompanied by
a tendency of increasing abundance of vascular plants. Such
effects of nutrient addition on FTIR spectra by driving change
of plant community composition have also been noted by other
studies (e.g., Artz et al., 2008; Chen et al., 2018; Moore et al.,
2019). However, for the long-term fertilization, we still did not
observe any significant change in the concentrations of TC and
DOC, and the humification indices had only slightly changed
after being fertilized for 10 years. A possible explanation for this
phenomenon might be that vascular plants inhibit the activity
of microbial decomposers via the increase of high-phenolic
litter production (Keuskamp et al., 2015; Fenner and Freeman,
2020). FTIR spectroscopic analysis demonstrated that the long-
term nutrient addition increased the concentrations of aromatic
compounds in peat, especially after the combination of N and P
additions, as indicated by increasing peak ratios of 1510/1090
and 1630/1090 (i.e., lignin and phenolics/polysaccharide, and
aromatics/polysaccharide, respectively; Figures 3H,I). The
phenolics (e.g., tannin) and other aromatic components of plant
litter were strongly correlated with microbial decomposition,
considering that they could bind protein and retard nutrient
mobilization via oxidative degradation and biotoxicity (Wang
et al., 2015; Fenner and Freeman, 2020). Meanwhile, phenolics
have been found to inhibit key hydrolase activities (e.g., β-
1,4-glucosidase, invertase, and cellobiohydrolase) and impede
nutrient cycling and decomposition (Freeman et al., 2001, 2004).
This “enzymatic latch” mechanism is expected to play a key role
in peatlands dominated by vascular plants (Wang et al., 2015).

Other processes associated with vascular plant expansion
may also retard soil C decomposition. First, the phenolics not
only directly impede microbial activity (Freeman et al., 2001;
Fenner and Freeman, 2020), but could also shift the fungal
community to a slow-growing strategy (Wang et al., 2021). For
example, Wang et al. (2021) found that nearly 85% of fungi were

fast-growing in Sphagnum-dominated habitat, while shrub-
dominated habitat was dominated by slow-growing fungi (75%).
The different composition of fungal community with different
growing strategies led to the variation in decomposition rate,
which was faster in Sphagnum-dominated peatlands than that
in peatlands dominated by vascular plants (Koch, 2001; Wang
et al., 2021). Second, the extensive root system helps shrub
efficiently capture available N and P in soils (Lambers et al.,
2006), and compared to soil microorganisms, vascular plants
may have advantages of nutrient acquisition (Smith et al., 2011).
The competition for nutrients between vascular plants and soil
microorganisms might indirectly reduce the sensitivity of soil
microorganisms to external nutrient enrichment.

In this study, we formulated a hypothetical logic frame,
i.e., C storage involved complex interrelation among peat,
porewater, and vegetation processes, and assessed the divergent
effects of the short- and long-term fertilizations on organic
matter decomposition as indicated by the humification indices.
Interestingly, the physicochemical properties of peat and
porewater had little effect on the humification indices in the
short-term fertilization plots where Sphagnummoss-dominated.
Besides, the harsh conditions for microbial decomposers,
combined with the increased C return from litterfall of
Sphagnum moss, likely resulted in the lack of significant changes
in soil C concentrations and organo-chemical composition
during the short-term fertilization (Figure 4A). For the long-
term fertilization, although the contribution of environmental
variables to organic matter decomposition has increased, the
input of high-phenolic litters owing to the shift in plant
community composition from being Sphagnum moss- to
vascular plant-dominated, may ultimately inhibit microbial
activity and soil C release (Figure 4B).
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