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• N ﬁxation was measured in a disturbed
and a rehabilitated forest after N addition.
• N ﬁxation was comparable between the
disturbed and rehabilitated forests.
• N addition suppressed N ﬁxation in all
compartments in the disturbed forest.
• N addition did not affect N ﬁxation in
any compartment in the rehabilitated
forest.
• Forest rehabilitation may change the response of N ﬁxation to N deposition.
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a b s t r a c t
Asymbiotic nitrogen (N) ﬁxation is an important source of new N in ecosystems, and is sensitive to atmospheric N
deposition. However, there is limited understanding of asymbiotic N ﬁxation and its response to N deposition in
the context of forest rehabilitation. In this study, we measured N ﬁxation rates (acetylene reduction) in different
ecosystem compartments (i.e. soil, forest ﬂoor, moss Syrrhopodon armatus, and canopy leaves) in a disturbed and
a rehabilitated subtropical forest in southern China, under 12 years of N treatments: control, low N addition
(50 kg N ha−1 yr−1), and medium N addition (100 kg N ha−1 yr−1). The rehabilitated forest had higher nutrient
(e.g. N) availability than the disturbed forest. In control plots, N ﬁxation rates in forest ﬂoor were higher in the
rehabilitated forest than in the disturbed forest, but N ﬁxation rates in other compartments (soil, S. armatus,
and canopy leaves) were comparable between the forests. Nitrogen addition signiﬁcantly suppressed N ﬁxation
in soil, forest ﬂoor, S. armatus, and canopy leaves in the disturbed forest, but had no signiﬁcant effect on those
compartments in the rehabilitated forest. The main reasons for the negative effects of N addition on N ﬁxation
in the disturbed forest were NH+
4 inhibition (soil), the P and C limitation (forest ﬂoor), and the reduced N dependence on canopy N-ﬁxers (S. armatus and canopy leaves). We conclude that asymbiotic N ﬁxation does not decline with increasing N availability after rehabilitation in the study forests. The inhibitory effects of N addition
on asymbiotic N ﬁxation occurred in the disturbed forest but not in the rehabilitated forest, indicating that forest
rehabilitation may change the response of ecosystem function (i.e. N ﬁxation) to N deposition, which merits further study in other tropical and subtropical regions.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Nitrogen (N) is essential for living organisms and is often the limiting factor for terrestrial net primary production (NPP) (Vitousek and
Howarth, 1991; Galloway and Cowling, 2002). Asymbiotic N ﬁxation
performed by free-living microbes constitutes an important N source
in terrestrial ecosystems, contributing 1–20 kg N ha−1 yr−1 to the ecosystem N pool (Reed et al., 2011). The N supply via N ﬁxation inﬂuences
the N balances and carbon (C) sequestration at both regional and global
scales (Cleveland et al., 1999; Reed et al., 2011; Vitousek et al., 2002;
Vitousek et al., 2013).
Asymbiotic N ﬁxation occurs in various ecosystem compartments
(Reed et al., 2011), including soil (Barron et al., 2008; Wurzburger
et al., 2012), forest ﬂoor (Crews et al., 2000; Matson et al., 2015), mosses
and/or lichens in the canopy (Benner and Vitousek, 2007) and on the
forest ﬂoor (DeLuca et al., 2007; Gundale et al., 2011), leaf surface
(Freiberg, 1998; Cusack et al., 2009), and inside of the leaves (Moyes
et al., 2016). Nitrogen-ﬁxing microbes are sensitive to environmental
factors, such as temperature and moisture (Reed et al., 2011). Most
commonly, warm and wet conditions favor asymbiotic N ﬁxation
(Reed et al., 2007; Cusack et al., 2009; Rousk and Michelsen, 2016). Nutrient availability regulates N ﬁxation. For example, nitrogenase activity
is commonly down-regulated by mineral N (e.g. NH+
4 ) (Crews et al.,
2001; Zackrisson et al., 2004; DeLuca et al., 2007; Cusack et al., 2009;
Matson et al., 2015). In many tropical forests, long-term N addition
(e.g. N deposition) has been shown to increase soil acidity and reduce
soil phosphorus (P) availability (Matson et al., 1999). Therefore, P addition partially relieved the inhibitory effects of N addition on N ﬁxation in
several tropical forests (Matson et al., 2015; Zheng et al., 2016b). Contrary to the effects of N addition, P addition often up-regulates N ﬁxation
(Crews et al., 2000; Reed et al., 2007; Matson et al., 2015). This is because P participates in the biosynthesis of ATP, which is needed due to
the high-energy requirement of N ﬁxation (Alberty, 2005). Carbohydrate is an important energy source for N ﬁxation of heterotrophic
and autotrophic diazotrophs. The carbohydrate needed for heterotrophic diazotrophs is derived from readily available C provided via organic
matter mineralization (Crews et al., 2001; Reed et al., 2011). In contrast,
autotrophic diazotrophs acquire carbohydrate via photosynthesis
(Diáková et al., 2016). Therefore, nutrient (C, N, and P) availability is
an important control on N ﬁxation.
Biological N ﬁxation is quite common in both natural and managed
ecosystems (Vitousek et al., 2002; Reed et al., 2011), among which forest ecosystems merit great attention (Cleveland et al., 1999). It is estimated that nearly half of the N ﬁxed in natural ecosystems is in
forests (Cleveland et al., 1999), which indicates an important role of N
ﬁxation in these ecosystems. However, because of natural and anthropogenic disturbances (e.g. ﬁre, deforestation, land management, and
harvest), natural forest area worldwide has declined from 3961 M ha
in 1990 to 3721 M ha in 2015 (Keenan et al., 2015). External disturbances have a profound impact on forest structure and function, often
leading to forest degradation, thereby altering soil microbial community
(Liu et al., 2014) and soil N dynamics (Mo et al., 2003; Zhang et al., 2008;
Fang et al., 2008). Current efforts of forest conservation, expansion, and
afforestation have led to a rapid increase in forest area at a rate of 6.8–
7.3 million ha yr−1 (FAOUN, 2010). Forest rehabilitation may change
nutrient availability and plant biomass, and further inﬂuence
asymbiotic N ﬁxation. For example, previous studies in temperate and
boreal regions reported an increase in N ﬁxation rates across forest rehabilitation (Pérez et al., 2004; Zackrisson et al., 2004; Stuiver et al.,
2015), possibly because rehabilitation increased the biomass of Nﬁxers (Pérez et al., 2004; Stuiver et al., 2015) or decreased N availability
(Zackrisson et al., 2004). However, no such study has been conducted in
tropical/subtropical forests where climate conditions (e.g. temperature
and moisture) are distinct from those in high-latitude regions. Owing
to afforestation, planted forests in tropical regions increased from
~ 30 K ha to ~ 57 K ha between 1990 and 2015 (Keenan et al., 2015).

Hence, it is essential to investigate the responses of asymbiotic N ﬁxation to forest rehabilitation in tropical/subtropical regions.
Atmospheric N deposition has shown a dramatic increase in recent
decades, with the greatest increases observed in tropical/subtropical regions (Galloway and Cowling, 2002; Galloway et al., 2008). Elevated N
deposition has a number of negative effects on tropical forests, such as
soil acidiﬁcation, nutrient imbalance, and a decrease in plant biodiversity and productivity (Matson et al., 1999; Lu et al., 2010, 2014). Nitrogen
deposition also changes the richness and abundance of N-ﬁxing microbial community (Piceno and Lovell, 2000; Berthrong et al., 2014;
Freedman et al., 2013) and N ﬁxation rates in forest soils (Cusack
et al., 2009; Zheng et al., 2016a). Many previous studies found that N addition had no or negative effects on asymbiotic N ﬁxation in tropical mature forests (Crews et al., 2001; Reed et al., 2007; Barron et al., 2008;
Cusack et al., 2009; Matson et al., 2015). A few studies reported that N
addition suppressed moss N ﬁxation in the boreal rehabilitated forests
that had experienced past disturbance events (Zackrisson et al., 2004;
DeLuca et al., 2007). However, to our knowledge, no study has reported
how N deposition regulates asymbiotic N ﬁxation after forest rehabilitation in tropical/subtropical regions. Forest rehabilitation often increases
tree biomass, tree species (e.g. through natural invasion), and litterfall
mass (Ren and Peng, 1999; Tang et al., 2006; Stuiver et al., 2015),
which promotes the accumulation of soil organic matter (Crews et al.,
2001; Mo et al., 2003) and thereby provides abundant C resource for microbial growth (Banning et al., 2011; Liu et al., 2014). In addition to the
increased organic matter, forest rehabilitation also increases canopy
density, woody residues, soil N level (e.g. through biological N ﬁxation
and N deposition), and moisture content of forest substrates (Mo
et al., 2003; Pérez et al., 2004; Tang et al., 2006; Stuiver et al., 2015).
These improved habitat conditions, particularly the elevated N level,
may be disadvantageous to N-ﬁxers, and further inﬂuence their capacity
for N ﬁxation under atmospheric N deposition.
In this study, we aimed to elucidate asymbiotic N ﬁxation and its response to N deposition after rehabilitation in subtropical forests. We
measured N ﬁxation rates (acetylene reduction) in different ecosystem
compartments (i.e. soil, forest ﬂoor, moss S. armatus, and canopy leaves)
in a disturbed and a rehabilitated subtropical forest in southern China,
under the following treatments: control, low N addition
(50 kg N ha−1 yr−1), and medium N addition (100 kg N ha−1 yr−1).
To determine whether nutrient availability affects N ﬁxation, we mea−
sured NH+
4 , NO3 , and available P (AP) concentrations in the soil, and
total organic carbon (TOC), total N (TN), and total P (TP) concentrations
in all ecosystem compartments. The disturbed forest has experienced
human disturbances (harvesting of understory vegetation and litter)
in recent decades. Despite human disturbances in the past, the rehabilitated forest has been well protected and therefore invaded by native
broadleaf species (Mo et al., 2003). Compared with the disturbed forest,
the rehabilitated forest had higher plant biomass, microbial biomass
(Tang et al., 2006), and N concentrations in forest compartments
(Tables 2–4). Thus, we hypothesized that (1) the rehabilitated forest
would have lower N ﬁxation rates than the disturbed forest, given the
improvement in nutrient conditions (e.g. elevated N level) after rehabilitation; and (2) N addition would suppress N ﬁxation more in the disturbed forest than in the rehabilitated forest, given that the disturbed
forest with low N level might readily reach the N threshold.
2. Materials and methods
2.1. Site description
This study was conducted in Dinghushan Biosphere Reserve
(DHSBR), which is located in the center of Guangdong Province, southern China (112°10′ E, 23°10′ N). There are two types of forests in the reserve: a mixed pine and broadleaf forest (rehabilitated) and a pine
forest (disturbed). The rehabilitated and disturbed forests occupy
about 50% and 20% of the reserve, respectively (Mo et al., 2003). Both
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forests originated from eroded sites and were subsequently planted
with Pinus (P) massoniana after the 1930s. The disturbed forest experienced continuous human disturbances (harvesting of understory vegetation and litter) until the late 1990s (Mo et al., 2003). Although the
rehabilitated forest also experienced human disturbances, it was well
protected after the 1950s. Owing to natural invasion and colonization
by native broadleaf species, the rehabilitated forest had developed
into a mixed pine and broadleaf forest (Mo et al., 2003). Pinus
massoniana and Schima superba are the dominant tree species in the rehabilitated forest, occupying 94.6% of the total basal area, whereas P.
massoniana is the dominant tree species in the disturbed forest,
representing 95.1% of the total basal area (Fang et al., 2005). Due to
well protection and rehabilitation, the rehabilitated forest had higher
plant biomass, microbial biomass, and litter input than the disturbed
forest (Tang et al., 2006). The rehabilitated forest also had a higher nutrient (C, N, and P) availability than the disturbed forest (Tables 2–4).
The reserve has a typical humid monsoon climate. Mean annual precipitation is 1927 mm, 75% of which occurs from March to August and
6% from December to February (Huang and Fan, 1982). Mean annual
temperature is 21 °C, with the mean coldest (January) and warmest
(July) monthly temperature being 12.6 and 28.0 °C, respectively. In
2004–2005, inorganic N deposition was 24 and 26 kg N ha−1 yr−1 for
the rehabilitated and disturbed forests, respectively, with an additional
input of 15–20 kg N ha−1 yr−1 as dissolved organic N (Fang et al., 2008).
Both forest soils are lateritic red earth developed from sandstone. The
soil depth is 30–60 and b 30 cm in the rehabilitated and disturbed forests, respectively (Mo et al., 2003).
2.2. Experimental treatments
This experiment was initiated in July 2003, with three treatments
(each with three replicate plots) in each forest: control, low N addition
(LN, 50 kg N ha− 1 yr− 1), and medium N addition (MN,
100 kg N ha−1 yr−1). We chose these fertilization rates, because background N deposition rate was high (40–50 kg N ha− 1 yr− 1) in the
study forests. This fertilization design is reasonable, because previous
studies have reported that some ecosystem processes (e.g. greenhouse
gas emission, soil N ﬂuxes, and litter decomposition) had signiﬁcant responses to medium and high N addition (150 kg N ha−1 yr−1; another
experiment in a nearby N-saturated forest) but not to low N addition in
our forests (Fang et al., 2005, 2007; Zhang et al., 2008). Each plot of 10 m
× 20 m was surrounded by a 10-m wide buffer strip to prevent any
inter-plot disturbance. All plots were laid out randomly. In N-addition
plots, NH4NO3 was weighed and mixed with 20 L of water, and sprayed
on the forest ﬂoor (4.17 and 8.33 kg N ha−1 for LN- and MN-addition
plots, respectively) using a backpack sprayer monthly from July 2003
to July 2015. The N solutions were sprayed on the forest ﬂoor from a
height of ~ 1 m. Canopy leaves and epiphytes did not receive the
added N directly. Each control plot only received 20 L of water. We
used the method of understory N addition (N was added on the forest
ﬂoor) for two reasons. First, this allows us to compare our results with
those of many previous studies that used the understory N addition
method. Second, we would like to understand whether long-term understory N addition has a signiﬁcant effect on canopy N ﬁxation, because
some previous studies have reported a slight but not signiﬁcant decrease in canopy N ﬁxation after short-term (3–4 years) understory N
addition (Cusack et al., 2009; Matson et al., 2015). We note that the effects of understory N addition on canopy N ﬁxation (indirect N effects)
may not be equal to the effects of canopy N addition; this requires further study.
2.3. Sampling
Samples were collected in July 2015. In each plot, ﬁve samples of forest ﬂoor were randomly collected using a metal frame (20 cm × 20 cm).
‘Forest ﬂoor’ refers to the full thickness from freshly fallen leaves to the
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mineral soil surface, including recognizable leaves and ﬁne woody
(b2 cm diameter) tissues (i.e. the Oi horizon). Underneath the forest
ﬂoor, mineral soil was sampled to a depth of 10 cm using a 2.5-cm soil
corer, with a total of ﬁve soil samples collected per plot. Canopy leaves
were sampled using a 20-m pole pruner from the dominant tree species
(P. massoniana and S. superba in the rehabilitated forest, and P.
massoniana in the disturbed forest). In each plot, canopy leaves were
collected from three individuals of each tree species in the upper, middle, and lower layers. Leaves were removed from branches and mixed
by individual tree, with a total of six and three samples in each plot in
the rehabilitated and disturbed forests, respectively. In both forests,
mosses occurred widely at the base (~ 2 m above the ground) of tree
trunk. Among the mosses, only one species (Syrrhopodon armatus
Mitt.) was found to ﬁx N and thus was sampled. Moss S. armatus was
collected by slightly scraping three 5 cm × 5 cm pieces from the tree
trunk. The moss samples were mixed by trunk, with a total of six and
three samples per plot in the rehabilitated and disturbed forests, respectively. The moss samples were stored under cold and dark conditions,
and analyzed within 24 h.
All samples were weighed, and portions were oven-dried at 105 °C
(soil) or 65 °C (forest ﬂoor, canopy leaves, and moss) for 48 h to determine moisture content. Standing stocks of soil (g soil m−2) and forest
ﬂoor (g forest ﬂoor m−2) were estimated by their dry weight and sampling areas. The density of S. armatus was estimated by the mean percent cover on each tree. Percent cover was estimated by randomly
placing eight 10 cm × 10 cm quadrats on each tree trunk, and visually
estimating the percent cover of S. armatus in each quadrat. Tree surface
area was calculated by assuming trees are cylinders, multiplying height
by circumference (calculated by diameter at breast height). Therefore,
standing stocks of S. armatus per unit of ground area (g moss m−2)
were estimated by S. armatus density, tree surface area, and mean tree
density (1933 and 767 tree ha−1 for the rehabilitated and disturbed forests, respectively; Fang et al., 2005). Standing stocks of canopy leaves
per unit of ground area (g canopy leaves m−2) were estimated by speciﬁc leaf area (measured by LI-3000A; Li-Cor) and the leaf area index of
11.28 and 6.61 for the rehabilitated and disturbed forests, respectively
(Ren and Peng, 1999).

2.4. Measurement of asymbiotic N ﬁxation
Asymbiotic N ﬁxation was measured using the acetylene reduction
assay (Hardy et al., 1968), which takes advantage of the ability of nitrogenase to reduce acetylene (C2H2) to ethylene (C2H4). Fresh samples of
each compartment (~ 5 g of forest ﬂoor, ~ 13 g of soil, ~ 7 g of canopy
leaves, and ~ 3 g of moss S. armatus) were sealed into a 120-mL gastight glass jar, with 10% of the headspace (12 mL) replaced with pure
C2H2 (99.99%). Previous studies have shown that diazotrophs occurred
on the leaf surface (epiphylls; e.g. Freiberg, 1998; Cusack et al., 2009)
and in leaves (endophytes; e.g. Moyes et al., 2016). Our study measured
N ﬁxation of a whole leaf (i.e. N ﬁxation by both epiphylls and endophytes), similar to that of Reed et al. (2008). All samples were incubated
for 24 h in situ to approximate ambient light and temperature. After incubation, headspace gas from each jar was mixed, sampled, and stored
in a 12-mL evacuated Exetainer™ (Labco, High Wycombe, U.K.), and analyzed within 24 h. In the laboratory, C2H4 concentrations were determined using a Shimadzu GC14 gas chromatography equipped with a
ﬂame ionization detector and a Poropak N column (injector/detector/
column temperature: 70 °C/150 °C/250 °C). Background C2H4 concentrations in C2H2 gas were measured during the ﬁeld incubation and
subtracted. Our preliminary experiment showed that the C2H4 concentrations naturally produced by samples were below the detection limit.
It is noted that this study only measured N ﬁxation during the wet season. It remains inconclusive whether N ﬁxation is higher in the wet season (Reed et al., 2007; Winbourne et al., 2017) or in the dry season
(Matson et al., 2015) in tropical forests. Regardless of the seasonal
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effects, this study focused on N ﬁxation between forest types and among
N addition treatments.

2.5. Measurement of nutrient availability
−
Soil NH+
4 and NO3 concentrations were measured by extraction in
50 mL of 2 M KCl solution, and analyzed spectrophotometrically
(Bremner and Mulvaney, 1982). Inorganic N (IN) concentrations were
−
calculated as the sum of NH+
4 and NO3 concentrations. Soil AP concentrations were measured spectrophotometrically after extraction with
acid-ammonium ﬂuoride solution (Anderson and Ingram, 1989). Concentrations of TN and TP were measured by micro-Kjeldahl digestion,
followed by the indophenol blue and the Mo-Sb colorimetric methods,
respectively, with a UV-8000 spectrophotometer (Liu, 1996). Concentrations of TOC were measured by potassium dichromate oxidation titration with Fe2+ solution (Liu, 1996).

2.6. Statistical analyses
Nutrient availability and acetylene reduction rates in canopy leaves
were presented as the average of two tree species in the rehabilitated
forest. Values of each variable were averaged by plot before analyses.
A one-way analysis of variance (ANOVA) was used to determine the differences for each variable between the control and treatment plots in
each forest. An independent-samples t-test was used to compare each
variable in control plots of the forests. Data were tested to fulﬁll the assumptions of normality and homogeneity of variances. All statistical
analyses were conducted in SPSS 16.0 for Windows (SPSS Inc., Chicago,
IL, USA). Statistically signiﬁcant differences were recognized at P b 0.05,
unless otherwise stated.
3. Results
3.1. Asymbiotic N ﬁxation
In control plots, S. armatus had the highest acetylene reduction rates
(9.29–10.23 nmol C2H4 g−1 h−1), followed by forest ﬂoor (1.80–
2.60 nmol C2H4 g−1 h−1), canopy leaves (0.16–0.18 nmol C2H4 g−1 h−1),
and soil (0.05–0.06 nmol C2H4 g−1 h−1) (Fig. 1). Acetylene reduction
rates in forest ﬂoor were signiﬁcantly higher in the rehabilitated forest
than in the disturbed forest, whereas acetylene reduction rates in soil,
S. armatus, and canopy leaves did not differ signiﬁcantly between the
two forests. In the disturbed forest, acetylene reduction rates in soil, forest ﬂoor, and canopy leaves were signiﬁcantly lower in N-addition plots
than in control plots by 36.7–44.9%, 36.1–38.3%, and 19.7–38.2%, respectively. In contrast, there was no signiﬁcant difference in acetylene reduction rates in all compartments between the control and N-addition
plots in the rehabilitated forest.

3.2. Standing stocks
In control plots, soil had the highest standing stocks (107.6–
118.5 kg m2), followed by forest ﬂoor (1.36–1.79 kg m2), canopy leaves
(1.33–1.47 kg m2), and S. armatus (0.01–0.02 kg m2) (Fig. 2). Compared
with the disturbed forest, the rehabilitated forest had signiﬁcantly
higher standing stocks of canopy leaves, and signiﬁcantly lower standing stocks of soil and forest ﬂoor. Standing stocks of S. armatus did not
differ signiﬁcantly between the forests. Standing stocks of forest ﬂoor
and S. armatus were signiﬁcantly lower in N-addition plots than in control plots by 8.4–9.5% and 17.0–21.6%, respectively, in the disturbed forest. There was no signiﬁcant difference in standing stocks of all
ecosystem compartments between the control and N-addition plots in
the rehabilitated forest.
3.3. Nutrient availability
Soil nutrient availability in control plots did not differ signiﬁcantly
between the forests (Table 1). However, compared with the disturbed
forest, the rehabilitated forest had signiﬁcantly higher TN, TP, and TOC
concentrations in forest ﬂoor (Table 2), and signiﬁcantly higher TN
and TOC concentrations in S. armatus (Table 3) and canopy leaves
(Table 4). In the rehabilitated forest, there was no signiﬁcant difference
in nutrient availability between the control and N-addition plots (Tables
1–4), except for the forest ﬂoor TOC/TP ratios, which were signiﬁcantly
higher in MN-addition plots than in control plots by 25.5% (Table 2). In
the disturbed forest, soil NH+
4 concentrations and IN/AP ratios were signiﬁcantly higher in MN-addition plots than in control plots by 97.0% and
106.9%, respectively. Soil TOC/TN ratios were signiﬁcantly lower in MNaddition plots than in control plots by 39.9% in the disturbed forest. Forest ﬂoor TN/TP ratios and TN concentrations were signiﬁcantly higher in
LN-addition plots than in control plots by 35.0% and 34.8%, respectively,
in the disturbed forest. Forest ﬂoor TOC/TN ratios were signiﬁcantly
lower in LN- and MN-addition plots than in control plots by 23.4% and
17.1%, respectively, in the disturbed forest. In the disturbed forest, TP,
TOC, and TOC/TN ratios of S. armatus were signiﬁcantly lower in MNaddition plots than in control plots by 14.3%, 11.0%, and 21.3%, respectively; however, TN/TP ratios of S. armatus were signiﬁcantly higher in
MN-addition plots than in control plots by 30.0%. Total N and TOC concentrations in canopy leaves were signiﬁcantly higher in MN-addition
plots than in control plots by 39.9% and 8.0%, respectively, whereas
TOC/TN ratios of canopy leaves were signiﬁcantly lower in MNaddition plots than in control plots by 23.3% in the disturbed forest.
4. Discussion
4.1. Asymbiotic N ﬁxation in control plots
To our knowledge, many N ﬁxation studies focused on understory
compartments (e.g. soil and leaf litter) (Maheswaran and Gunatilleke,

Fig. 1. Effects of N addition on N ﬁxation rates (acetylene reduction) in different compartments in the rehabilitated (R) and disturbed (D) forests. C: control; LN: low nitrogen addition; MN:
medium nitrogen addition; R: rehabilitated forest; D: disturbed forest. Different letters within each compartment represent signiﬁcant differences between the forests, and ‘*’ represents a
signiﬁcant difference between the control and treatment plots (P b 0.05). Error bars represent standard errors of means (n = 3).
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Fig. 2. Effects of N addition on standing stocks of different compartments in the rehabilitated (R) and disturbed (D) forests. C: control; LN: low nitrogen addition; MN: medium nitrogen
addition; R: rehabilitated forest; D: disturbed forest. Different letters within each compartment represent signiﬁcant differences between the forests, and ‘*’ represents a signiﬁcant
difference between the control and treatment plots (P b 0.05). Error bars represent standard errors of means (n = 3).

1990; Vitousek, 1994; Crews et al., 2000; Pérez et al., 2004; Reed et al.,
2007; Barron et al., 2008; Wurzburger et al., 2012), and only a few studies reported asymbiotic N ﬁxation in both canopy and understory compartments in mature forests (Reed et al., 2008; Cusack et al., 2009). For
example, Reed et al. (2008) found that asymbiotic N ﬁxation occurred in
soil, leaf litter, and canopy leaves (0.08–0.27, 3.84–22.37, and 0.00–
0.14 nmol C2H4 g−1 h−1, respectively), which brought large quantities
of N into a mature tropical forest in Costa Rica. Cusack et al. (2009)
found that asymbiotic N ﬁxation occurred in various ecosystem compartments, including soil, forest ﬂoor, mosses, lichens, and canopy
leaves (0.06–0.11, 1.20–2.00, 5.60–11.00, 0.03–0.05, and 0.008–
0.01 nmol C2H4 g−1 h−1, respectively) in two mature tropical forests
in Puerto Rico. Our study, conducted in a rehabilitated and a disturbed
subtropical forest, also found high N ﬁxation rates in soil, forest ﬂoor,
moss S. armatus, and canopy leaves (0.05–0.06, 1.80–2.60, 9.29–10.23,
and 0.16–0.18 nmol C2H4 g−1 h−1, respectively). Compared with mature forests, nutrient availability is relatively low in many disturbed
and rehabilitated forests (Mo et al., 2003; Pérez et al., 2004; Zhang
et al., 2008; Stuiver et al., 2015). Therefore, asymbiotic N ﬁxation may
be an important N source for the disturbed and rehabilitated forests in
our study region.
Rehabilitation process improved nutrient conditions in forests, because we found that the rehabilitated forest had signiﬁcantly higher C,
N, and P concentrations in forest ﬂoor, S. armatus, and canopy leaves
compared with the disturbed forest (Tables 2–4). Despite the presence
of better nutrient conditions (e.g. elevated N level) after rehabilitation,
the rehabilitated forest did not show lower N ﬁxation rates than the disturbed forest (Fig. 1), which rejects our initial hypothesis. Our ﬁndings
do not support the traditional notion that biological N ﬁxation often declines across ecosystem succession (Crews et al., 2000; Barron et al.,
2011; Batterman et al., 2013). However, our ﬁndings are consistent
with those reported in some temperate and boreal forests (Pérez et al.,
2004; Zackrisson et al., 2004; Stuiver et al., 2015), despite only one

ecosystem compartment (e.g. mosses or leaf litter) being investigated
in these forests. For example, Zackrisson et al. (2004) found that moss
(P. schreberi) N ﬁxation increased linearly with time since ﬁre in a series
of successional forests in northern Sweden. Stuiver et al. (2015) found
that moss (P. schreberi) N ﬁxation increased after clear-cutting in
some boreal forests in northern Sweden. Similarly, our study found
that moss (S. armatus) N ﬁxation was slightly, though not signiﬁcantly,
higher in the rehabilitated forest than in the disturbed forest (Fig. 1). In
the post-ﬁre temperate forests in southern Chile, Pérez et al. (2004)
found that litter N ﬁxation increased from early to mid successional
stages, and slightly decreased in late successional stages but remaining
higher than in early stages. Our study also found signiﬁcantly higher N
ﬁxation in forest ﬂoor (including leaf litter) in the rehabilitated forest
compared with the disturbed forest (Fig. 1). Reasons for the increases
in asymbiotic N ﬁxation with succession may be the increases in biomass of N-ﬁxers, such as mosses (Stuiver et al., 2015) and litter (Pérez
et al., 2004), and the N limitation in late successional stages
(Zackrisson et al., 2004). These phenomena, however, were not observed in our forests, because standing stocks of S. armatus and forest
ﬂoor in the rehabilitated forest were comparable to or even lower
than those in the disturbed forest (Fig. 2). In addition, the rehabilitated
forest had higher N availability in ecosystem compartments than the
disturbed forest (Tables 2–4).
A potential explanation for our results is that asymbiotic N-ﬁxers
may be less sensitive to increasing N availability after forest rehabilitation, given that background N deposition was high in the past two
decades. In the study region, N deposition rates were
35.6 kg N ha−1 yr−1 in 1990 (Huang et al., 1994), 50–52 kg N ha−1 yr−1
in 2004–2005 (Fang et al., 2008), 34.4 kg N ha−1 yr−1 in 2009–2010 (Lu
et al., 2013), and 21.3 kg N ha−1 yr−1 in 2013 (Zhu et al., 2015). Due to
long-term high N deposition, some ecosystem processes may be less
sensitive to increasing N availability. For example, our previous studies
showed that litter decomposition rates (Fang et al., 2007) and soil

Table 1
Effects of N addition on soil nutrient availability in the rehabilitated and disturbed forests.
Forest type

Rehabilitated forest

Treatment

C

LN

MN

C

LN

MN

NO−
3
NH+
4

3.22 ± 0.44
1.69 ± 0.36
0.97 ± 0.25
1.97 ± 0.25
0.25 ± 0.03
32.14 ± 4.03
5.58 ± 0.94
16.95 ± 3.28
8.23 ± 1.93
131.43 ± 25.12

3.57 ± 0.36
2.00 ± 0.46
0.69 ± 0.15
2.17 ± 0.13
0.29 ± 0.03
36.42 ± 3.41
9.11 ± 2.46
16.88 ± 2.13
7.76 ± 1.24
128.68 ± 18.48

3.29 ± 0.26
3.26 ± 0.61
0.97 ± 0.38
2.24 ± 0.18
0.29 ± 0.01
35.03 ± 3.51
8.07 ± 3.02
15.66 ± 1.20
7.92 ± 0.85
122.98 ± 12.64

3.46 ± 0.44
3.04 ± 0.78b
1.47 ± 0.29
1.37 ± 0.22
0.30 ± 0.01
23.30 ± 1.62
4.81 ± 1.10b
17.63 ± 2.07a
4.54 ± 0.54
77.89 ± 1.53

3.65 ± 0.35
3.89 ± 0.77ab
1.78 ± 0.36
1.58 ± 0.25
0.31 ± 0.02
20.72 ± 1.27
4.43 ± 0.57b
13.49 ± 1.32ab
5.10 ± 0.83
66.82 ± 7.09

3.42 ± 0.68
5.99 ± 0.22a
1.07 ± 0.35
1.89 ± 0.16
0.32 ± 0.02
19.92 ± 2.59
9.95 ± 1.86a
10.59 ± 1.20b
5.90 ± 0.62
61.38 ± 4.83

(mg/kg)
(mg/kg)
AP (mg/kg)
TN (g/kg)
TP (g/kg)
TOC (g/kg)
IN/AP ratio
TOC/TN ratio
TN/TP ratio
TOC/TP ratio

Disturbed forest

Note: values are means ± standard errors (n = 3). C: control; LN: low nitrogen addition; MN: medium nitrogen addition; AP: available phosphorus; IN: inorganic nitrogen; TN: total nitrogen; TP: total phosphorus; TOC: total organic carbon. Different lower case letters represent signiﬁcant differences among the treatments (P b 0.05).
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Table 2
Effects of N addition on nutrient availability in forest ﬂoor in the rehabilitated and disturbed forests.
Forest type

Rehabilitated forest

Treatment

C

LN

MN

C

Disturbed forest
LN

MN

TN (g/kg)
TP (g/kg)
TOC (g/kg)
TOC/TN ratio
TN/TP ratio
TOC/TP ratio

22.33 ± 1.17A
1.17 ± 0.03A
521.59 ± 12.86A
23.52 ± 1.59
19.18 ± 1.27
448.44 ± 23.20b

20.69 ± 1.22
1.03 ± 0.08
542.65 ± 6.96
26.41 ± 1.53
20.04 ± 0.66
529.91 ± 38.99ab

20.28 ± 2.05
0.98 ± 0.05
550.58 ± 13.36
27.77 ± 3.10
20.65 ± 1.91
562.81 ± 25.31a

17.65 ± 1.00Bb
0.99 ± 0.05B
455.39 ± 9.65B
25.91 ± 0.99a
17.94 ± 1.73b
461.53 ± 27.91

23.80 ± 1.16a
0.99 ± 0.08
470.86 ± 7.04
19.86 ± 0.79b
24.21 ± 1.89a
480.82 ± 41.25

21.35 ± 1.46ab
1.06 ± 0.11
455.24 ± 7.41
21.47 ± 1.13b
20.17 ± 0.77ab
434.05 ± 33.11

Note: values are means ± standard errors (n = 3). C: control; LN: low nitrogen addition; MN: medium nitrogen addition; TN: total nitrogen; TP: total phosphorus; TOC: total organic
carbon. Different lower case letters represent signiﬁcant differences among the treatments (P b 0.05).

nitrous oxide emission rates (Zhang et al., 2008) in the rehabilitated forest did not differ signiﬁcantly from those in the disturbed forest. Even
with low and medium N addition, soil nitrous oxide emission (Zhang
et al., 2008) and microbial community structures (Liu et al., 2014) did
not change in our rehabilitated forest. Although N availability increased
after rehabilitation (Tables 1–4), asymbiotic N ﬁxation did not decline
(Fig. 1). This result provides an insight into a long-lasting N paradox
− many N-rich tropical forests sustain N richness and up-regulate N cycles (Houlton et al., 2006; Hedin et al., 2009; Brookshire et al., 2012).
However, more ﬁeld studies are needed to investigate the responses
of asymbiotic N ﬁxation to increasing N availability in tropical and subtropical regions, particularly in those with high N deposition.
4.2. Effects of N addition on asymbiotic N ﬁxation
Consistent with our hypothesis, N addition suppressed asymbiotic N
ﬁxation in the disturbed forest, but not in the rehabilitated forest
(Fig. 1). The results observed in the rehabilitated forest differ from previous ﬁndings in the boreal forests. For example, Zackrisson et al. (2004)
and DeLuca et al. (2007) found that N addition (0.56 and
3.18 kg N ha−1 week− 1, for a total of 8 weeks) reduced N ﬁxation
rates of feather mosses (Pleurozium schreberi) in late-successional boreal forests after ﬁre disturbance. We suggest that soil N status may explain the results in our rehabilitated forest. Compared with the boreal
forests (Zackrisson et al., 2004; DeLuca et al., 2007), our rehabilitated
forest had a higher soil N level, and thus asymbiotic N ﬁxation might
have been less sensitive to further N addition during the experiment.
To date, no study has reported how N addition affects asymbiotic N ﬁxation in disturbed forests.
Soil N ﬁxation is often down-regulated by inorganic N (e.g. NH+
4 )
(Cusack et al., 2009; Reed et al., 2011). In a laboratory study, Drozd
et al. (1972) observed that nitrogenase activity declined with the supply
of NH+
4 . Cusack et al. (2009) reported that soil N ﬁxation decreased after
inorganic N addition in two tropical forests in Puerto Rico. In our study,
N addition increased soil NH+
4 concentrations in the disturbed forest,
which could account for the decreased soil N ﬁxation (Fig. 1). However,
N addition did not increase soil NH+
4 concentrations in the rehabilitated
forest (Table 1), possibly because the added N was taken up by the
plants. Compared with the disturbed forest, the rehabilitated forest
had more tree species and a higher stem density (Fang et al., 2005),

indicating that more N was required for plant growth. Our previous
study found that ﬁne root biomass tended to increase after N addition
in the rehabilitated forest (Zhu et al., 2013). Therefore, the added N
was likely utilized for biomass increment and was therefore, not available to inhibit soil N ﬁxation in the rehabilitated forest (Fig. 1). Based
on our results, we conclude that soil NH+
4 may be an important determinant of soil N ﬁxation in the disturbed forest.
Nitrogen addition suppressed N ﬁxation in forest ﬂoor in the disturbed forest, which could be attributed to the changes in stoichiometric
ratios. In our disturbed forest, N addition signiﬁcantly increased N concentrations in forest ﬂoor, which in turn increased N/P ratios but decreased C/N ratios (Table 2). Since P and C are important nutrient and
energy substrates for N-ﬁxing microbes, respectively (Alberty, 2005),
the elevated N/P ratios and reduced C/N ratios are closely related to
the decline in N ﬁxation (Maheswaran and Gunatilleke, 1990; Matzek
and Vitousek, 2003; Pérez et al., 2010; Reed et al., 2011). In contrast,
C/N and N/P ratios of forest ﬂoor did not change after N addition in
the rehabilitated forest. Total N concentrations in forest ﬂoor showed
a slight but not signiﬁcant decrease in the rehabilitated forest, indicating
that a portion of N in forest ﬂoor tissues might lose after N addition.
Therefore, N addition did not suppress N ﬁxation in forest ﬂoor in the rehabilitated forest. Some lines of evidence showed that N addition had a
negative effect on N ﬁxation in leaf litter (Silvester, 1989; Crews et al.,
2001) and forest ﬂoor (Cusack et al., 2009). Our ﬁndings showed that
N addition had a negative effect on N ﬁxation in the disturbed forest
ﬂoor, possibly due to the changes in N/P and C/N ratios caused by increased N concentrations.
Understory N addition suppressed N ﬁxation in canopy leaves in the
disturbed forest, which has not been reported before. Nitrogen addition
did not signiﬁcantly affect canopy N ﬁxation in our rehabilitated forest,
which was similar to the results reported in some other tropical forests
(Cusack et al., 2009; Matson et al., 2015). Our previous study found that
the disturbed forest was N limited (Fang et al., 2008), and in this study,
we found that N concentrations in canopy leaves were lower in the disturbed forest compared with the rehabilitated forest (Table 4). In this
case, understory N addition will stimulate plant uptake of N, and thereby increase N concentrations in canopy leaves in the disturbed forest
(Table 4). Therefore, N addition reduced the dependence of the disturbed forest on leaf N ﬁxation, which in turn decreased N ﬁxation in
canopy leaves.

Table 3
Effects of N addition on nutrient availability in Syrrhopodon armatus in the rehabilitated and disturbed forests.
Forest type

Rehabilitated forest

Treatment

C

LN

MN

C

Disturbed forest
LN

MN

TN (g/kg)
TP (g/kg)
TOC (g/kg)
TOC/TN ratio
TN/TP ratio
TOC/TP ratio

15.88 ± 0.81A
0.73 ± 0.04
501.39 ± 13.40A
31.70 ± 1.42
21.75 ± 1.64
684.87 ± 24.51

16.71 ± 1.66
0.69 ± 0.02
491.46 ± 16.63
29.83 ± 2.14
24.17 ± 2.21
711.46 ± 17.79

15.46 ± 0.91
0.70 ± 0.03
512.18 ± 16.57
33.48 ± 3.00
22.23 ± 2.18
731.97 ± 31.15

12.60 ± 0.83B
0.70 ± 0.02a
454.42 ± 9.60Ba
36.35 ± 2.35a
18.19 ± 1.45b
655.64 ± 32.56

13.34 ± 1.25
0.66 ± 0.03ab
453.66 ± 15.05a
34.45 ± 2.30ab
20.11 ± 1.73ab
685.74 ± 25.56

14.20 ± 0.87
0.60 ± 0.02b
404.34 ± 10.46b
28.60 ± 1.12b
23.65 ± 0.61a
675.35 ± 12.10

Note: values are means ± standard errors (n = 3). C: control; LN: low nitrogen addition; MN: medium nitrogen addition; TN: total nitrogen; TP: total phosphorus; TOC: total organic
carbon. Different capital letters represent signiﬁcant differences between the forests, while different lower case letters represent signiﬁcant differences among the treatments (P b 0.05).
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Table 4
Effects of N addition on nutrient availability in canopy leaves in the rehabilitated and disturbed forests.
Forest type

Rehabilitated forest

Treatment

C

LN

MN

C

Disturbed forest
LN

MN

TN (g/kg)
TP (g/kg)
TOC (g/kg)
TOC/TN ratio
TN/TP ratio
TOC/TP ratio

21.08 ± 0.62A
0.77 ± 0.03
550.49 ± 10.82A
26.15 ± 0.76B
27.42 ± 1.42A
717.19 ± 45.91

21.19 ± 0.80
0.77 ± 0.04
575.49 ± 11.29
27.24 ± 1.16
27.67 ± 1.43
751.00 ± 22.59

23.23 ± 1.43
0.80 ± 0.05
562.28 ± 12.15
24.47 ± 2.16
29.37 ± 2.52
712.14 ± 50.02

14.33 ± 1.24Bb
0.85 ± 0.04
507.86 ± 9.19Bb
35.90 ± 2.68Aa
17.08 ± 2.34B
601.95 ± 44.50

17.79 ± 1.10ab
0.88 ± 0.04
526.96 ± 8.68ab
29.82 ± 1.69ab
20.31 ± 1.53
600.75 ± 16.39

20.04 ± 1.22a
0.89 ± 0.03
548.27 ± 9.27a
27.53 ± 1.52b
22.58 ± 1.67
617.96 ± 32.62

Note: values are means ± standard errors (n = 3). C: control; LN: low nitrogen addition; MN: medium nitrogen addition; TN: total nitrogen; TP: total phosphorus; TOC: total organic
carbon. Different capital letters represent signiﬁcant differences between the forests, while different lower case letters represent signiﬁcant differences among the treatments (P b 0.05).

Although N addition had no signiﬁcant effect on S. armatus N ﬁxation
per unit mass (Fig. 1), N addition signiﬁcantly reduced S. armatus biomass in the disturbed forest (Fig. 2). We found that S. armatus N ﬁxation
per unit area signiﬁcantly decreased following N addition (157.48 ±
11.89, 123.83 ± 7.69, 113.51 ± 6.72 nmol m− 2 h− 1 for the control,
LN-addition, and MN-addition plots, respectively; P = 0.03) in the disturbed forest. Nitrogen addition increased S. armatus TN concentrations
in the disturbed forest but not in the rehabilitated forest (Table 3),
which might account for the different responses of S. armatus N ﬁxation
to N addition between the forests. The lack of signiﬁcant response to N
addition in our rehabilitated forest is similar to that reported in two
tropical rainforests in Puerto Rico with N-rich soils (Cusack et al.,
2009). Our results in the disturbed forest are consistent with those in
many boreal forests (Gundale et al., 2011; Ackermann et al., 2012;
Gundale et al., 2013; Leppänen et al., 2013), where productivity was
limited by N. This suggests that the difference in N status between the
disturbed and rehabilitated forests (Tables 1–4) may affect the response
of moss N ﬁxation to N input.
We infer that the disturbed forest may reduce the dependence on
moss N ﬁxation after N addition. Three lines of evidence could support
this mechanism. First, N addition may reduce P leaching from leaves
of host trees to the mosses, as evidenced by the reduced P concentrations in S. armatus after N addition (Table 3). The decrease in P concentrations would suppress moss N ﬁxation, because P participates in the
biosynthesis of ATP and nitrogenase proteins (Alberty, 2005). Second,
the reduced P concentrations might further affect moss photosynthesis
(Fritz et al., 2012), and thus reduced S. armatus C concentrations
(Table 3). Carbon is an important energy substrate needed for N ﬁxation
(Alberty, 2005). Third, the reduced P and C concentrations would constrain S. armatus growth and decrease S. armatus biomass (Fig. 2).
5. Conclusions
This study elucidated asymbiotic N ﬁxation and its response to N addition in a disturbed and a rehabilitated subtropical forest. In contrast to
the previous notion that biological N ﬁxation often declines across ecosystem succession, our study found that asymbiotic N ﬁxation remained
constant (i.e. soil, moss S. armatus, and canopy leaves) or even increased
(i.e. forest ﬂoor) after rehabilitation in the study subtropical forests.
Asymbiotic N ﬁxation in soil, forest ﬂoor, S. armatus, and canopy leaves
decreased following N addition in the disturbed forest, which contrasts
to the lack of signiﬁcant response in any of the compartments in the rehabilitated forest. Although asymbiotic N ﬁxation is often regulated by
multiple factors, our study aimed to identify a main mechanism accounting for the effects of N addition on N ﬁxation in each ecosystem
compartment. In the disturbed forest, the inhibition of N addition on
N ﬁxation may be due to NH+
4 inhibition (soil), the P and C limitation
(forest ﬂoor), and the reduced N dependence on canopy N-ﬁxers (S.
armatus and canopy leaves). Based on our results, we conclude that forest rehabilitation may increase N availability, which does not necessarily down-regulate asymbiotic N ﬁxation. Nitrogen addition suppressed
asymbiotic N ﬁxation in the disturbed forest but not in the rehabilitated
forest, indicating that forest rehabilitation changes the response of

asymbiotic N ﬁxation to N addition. This deserves further study in
other tropical and subtropical regions, particularly in those with elevated N deposition.
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