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Abstract Rates of biological nitrogen fixation (BNF) were
measured in ecosystem. In this study, we measured rates of
BNF in ecosystem compartments (bulk soil, forest floor, rhi-
zosphere soil, and nodule) in two mature tropical plantations
in southern China with legume trees (Acacia auriculiformis,
AA) and with non-legume trees (Eucalyptus urophylla, EU)
after 4 years of nitrogen (N) fertilization (0, 50, and
100 kg N ha−1 year−1). BNF rates of bulk soil were compara-
ble between plantations, while rates of rhizosphere soil were
significantly higher in the EU plantation and rates of forest
floor were significantly higher in the AA plantation. Thus,
total BNF rates were comparable between plantations
(AA=6.04 kg N ha−1 year−1; EU=6.42 kg N ha−1 year−1).
In the AA plantation, N addition significantly decreased
BNF rates in all measured compartments and thus the total
rates. In the EU plantation, N addition did not change BNF
rates of forest floor, but significantly decreased rates of bulk
soil and increased rates of rhizosphere soil; thus, total rates did
not change. Our findings provide evidence that forest type is
an important factor regulating the effects of external N input

on BNF, and suggest that elevated atmospheric N deposition
in recent decades will suppress total N fixation in mature
forests with legume trees but not in those with non-legume
trees.
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Introduction

Biological nitrogen (N) fixation (BNF) represents a primary
source of newN input in terrestrial ecosystems (Vitousek et al.
2013; Sullivan et al. 2014) and it strengthens when ambient N
is limited but weakens when ambient N is adequate (Vitousek
and Howarth 1991). As N frequently limits terrestrial net pri-
mary production and other ecological processes (Vitousek and
Howarth 1991), the N fixed via BNF benefits terrestrial
ecosystems, and thus, terrestrial BNF often occurs at high
rates. For example, Galloway et al. (1995) estimated pre-
industrial BNF in terrestrial ecosystems to be 90–
130 Tg N year−1, about an order of magnitude higher than that
of lightning. Cleveland et al. (1999), using the century terres-
trial ecosystem model, estimated the rates to be 100–
290 Tg N year−1. Recent reviews using a revised global
BNF model (Sullivan et al. 2014) and N flux data (Vitousek
et al. 2013) reported conservative estimates of ∼44 and
∼58 Tg N year−1. In spite of these varying estimates caused
by methodological differences, BNF does contribute large
amounts of N to terrestrial ecosystems annually, particularly
to forests that account for nearly half of all fixed N (Cleveland
et al. 1999).

Diazotrophs are widely distributed in terrestrial ecosys-
tems as symbionts of legume plants (i.e., in nodules), in
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association with epiphytes such as mosses and lichens,
and free-living in soil, forest floor, and foliage (Reed
et al. 2011). Diazotrophs are thought to be abundant in
forest ecosystems and BNF is widely observed in forests
both with and without legume trees (Reed et al. 2011).
For example, in unmanaged forests with legume trees,
symbiotic nodules achieve high fixing rates, ranging from
1 to 160 kg N ha−1 year−1 (Reed et al. 2011). However, as
legume trees are not always present, many forests without
legume trees often fix N via free-living diazotrophs in
above- and belowground ecosystem compartments. For
example, diazotrophs in aboveground compartments, in-
cluding moss, lichen, and leaves, were found to fix N at
0.2–7.7 kg N ha−1 year−1 in many boreal (Zackrisson
et al. 2004; DeLuca et al. 2007; Lagerström et al. 2007)
and tropical forests (Matzek and Vitousek 2003; Benner
and Vitousek 2007; Cusack et al. 2009). Diazotrophs in
belowground compartments, such as forest floor, and bulk
and rhizosphere soils, may play more important roles.
Although BNF in rhizosphere soil, which is home to
abundant diazotrophs (Villadas et al. 2007), has not yet
been well estimated, BNF rates of bulk soil and forest floor
have been estimated to range from 0.1 to 21 kg N ha−1 year−1 in
many volcanic sites (Vitousek 1999; Crews et al. 2000, 2001),
and tropical (Reed et al. 2007, 2008; Wurzburger et al. 2012)
and temperate forests (Pérez et al. 2010) where N-fixing legume
trees are rare. This range even reached 0.1–60 kg N ha−1 year−1

in some tropical evergreen forests (Reed et al. 2011). Despite
lower rates of free-living BNF than nodule BNF, recent evi-
dence suggests that the N fixed by free-living diazotrophs can
also be available for plant and microbial uptake (Pérez et al.
2010), and can, in part, replenish N losses from leaching and
de-nitrification (Maheswaran and Gunatilleke 1990; Kreibich
and Kern 2003). Thus, BNF in forests without legume trees
may be as important as that in forests with legume trees.

Controls on BNF differ in different ecosystem compart-
ments (Reed et al. 2011), but at a whole-ecosystem scale,
BNF appears to be sensitive to N input. It is estimated
that rates of BNF at both regional (Sullivan et al. 2014)
and global (Vitousek et al. 2013) scales have decreased
during recent decades, likely because of elevated atmo-
spheric N deposition caused by human activities. The
negative effect of N on BNF is further supported by sev-
eral studies in forests dominated by legume trees. For
example, Batterman et al. (2013b) found that both BNF
and nodule biomass of legume trees declined after N
addition. Using forest succession gradients, Pearson and
Vitousek (2001) and Batterman et al. (2013a) found that
BNF rates of nodule decreased across successions mainly
because of improved soil N level. The mechanisms under-
lying these negative effects may be the loss of N fixer
competitive advantage after external N input (DeLuca
et al. 1996), and/or a reduction in the energy cost of

BNF by N fixers when ambient N is adequate
(Markham and Zekveld 2007).

However, N addition does not always decrease BNF, as can
be seen in many forests dominated by non-legume trees. For
example, Vitousek and Hobbie (2000) found a very weak
BNF response in litter to long-term N fertilization in some
wet forests dominated by Metrosideros polymorpha. Reed
et al. (2007) found that BNF of both bulk soil and litter
showed no response to N fertilization at any season in two
mature rainforests dominated by non-legume trees. Cusack
et al. (2009) also found no N fertilization effect on BNF in
moss, lichen, and epiphyll in two tropical forests without le-
gume trees. It is unclear why N addition fails to downregulate
BNF in these forests and whether a negative response or no
response of BNF to N addition may be related to the presence
or absence of legume trees.

In the absence of human disturbance, similar-stage forests
with legume trees often have richer soil N in than those with-
out legume trees (Nygren and Leblanc 2009; Bouillet et al.
2013). Crews (1999) suggested that BNF decreases when soil
N has exceeded a Bthreshold^ at which N fixers change their
N-acquiring strategy from fixing N (high cost) to obtaining
soil N (low cost). This suggests that N input may more easily
decrease BNF rates in forests with legume trees than in those
without legume trees. However, as natural forests often mix
legume and non-legume species, it is unclear whether the ef-
fects of N addition on BNF may be connected with different
soil N levels driven by different forest types, and comparative
studies on responses of BNF to increased N deposition be-
tween forests with and without legume trees are still absent.

Forest plantations occupy about 264 million hectare world-
wide (FAO 2010), but studies of the effects of N addition on
plantation BNF are rare (Binkley et al. 2003b). China has
approximately 24 % of world plantation areas (Zhang et al.
2014). Among the planted trees, Acacia spp. (legumes) and
Eucalyptus spp. (non-legumes) represent two of the most
abundant native tree species in southern China (Chen et al.
2011). Acacia and Eucalyptus plantations have different soil
N levels when in their mature stages (Zhang et al. 2012b),
because Acacia can increase soil N via nodule BNF whereas
Eucalyptus cannot. This offers us an opportunity to test
whether forest type (with/without legume trees) regulates the
effects of N addition on BNF.

In this study, we compared rates of BNF and responses to N
addition in different forest compartments in two mature plan-
tations in southern China, one with legume trees (Acacia
auriculiformis, AA) and one with non-legume trees
(Eucalyptus urophylla, EU). We measured rates of BNF after
N addition (0, 50, and 100 kg N ha−1 year−1) to below, i.e.,
bulk soil, forest floor, rhizosphere soil, and nodule; above-
ground compartments such as moss, lichen, and leaf were
absent or fixed little N in our plantations and thus were ex-
cluded from this study. Since initial soil N levels were
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significantly higher in the AA plantation (total N (TN)=2.0
± 0.1 g kg−1; dissolved inorganic N (DIN) = 24.3
± 1.7 mg kg−1) than in the EU plantation (TN = 1.5
±0.2 g kg−1; DIN=17.9±0.3 mg kg−1), we hypothesized that:
(1) rates of BNF would be lower in the AA plantation than in
the EU plantation and (2) N addition would decrease rates of
BNF in the AA plantation but not in the EU plantation.

Material and methods

Study site

This study was conducted in two tropical plantations at
Heshan National Field Research Station of Forest Ecosystems
(112° 50′ E, 22° 34′ N) which is located in Heshan county of
Guangdong Province, southern China. This region has a typical
monsoon climate and the average annual temperature and pre-
cipitation from were 21.7 °C and 1295 mm, respectively (Chen
et al. 2011). Background N deposition in precipitation was
about 43.1 kg N ha−1 year−1 from July 2010 to June 2012
(Huang et al. 2014). The soils are categorized as Acrisols
(Chen et al. 2011).

We selected two distinct plantations, one dominated by
A. auriculiformis and the other by E. urophylla. The understo-
ry layer was dominated by ferns, and no N-fixing plants oc-
curred in that layer. Since both plantations were aged over
30 years (Zhang et al. 2012b) with crown closure or slight
self-thinning, they could be classified as mature (Zhang
et al. 2012a). Detail information of the tree structure is given
in Table S1. A fertilization experiment was initiated in July
2010 with three blocks and three treatments: control (no fer-
tilization), mediumN addition (MN, 50 kg N ha−1 year−1) and
high N addition (HN, 100 kg N ha−1 year−1). Each block
included three 10 m×10 m plots. In total, there were nine
plots in each plantation. The distance between plots was
10 m. N was applied as ammonium nitrate (NH4NO3) dis-
solved in 10 L of water and sprayed below the canopy every
other month with a backpack sprayer starting from August
2010 to July 2014, with a total of 24 times of N application.
The control plot only received the same volume of water.

Sample collection and standing stock estimation

Sample collection was conducted in July 2014 (within the
growing season) when the trees could grow well with enough
fresh leaves, and thus allowed us to collect fresh leaves and
measure crown areas (Fig. 3). In addition, because some other
soil processes and functions were alsomeasured in July by our
previous studies (Zhang et al. 2012b, 2014), which allowed us
to use previous findings to further support the mechanisms in
this study if necessary. Three samples of forest floor were
randomly collected from each plot using a metal frame

(0.2×0.2 m) and then mixed together. After forest floor sam-
pling, the bulk soil underneath was sampled to a depth of
10 cm using a 2.5-cm soil corer and the samples were mixed
by plot. All the fresh forest floor and bulk soil samples were
weighed and portions of themwere oven-dried at 65 °C (forest
floor) and 105 °C (bulk soil) for 48 h to determine moisture
content. We then calculated the area density of forest floor
(kg m−2 forest floor) and bulk soil (kg m−2 bulk soil) in each
plot. The rest of the samples were used for measuring BNF
rates and chemical properties.

In each plot, two well-grown trees were chosen. Nodules
were found and collected in the AA plantation, while rhizo-
sphere samples were collected in both plantations. Preliminary
experiments showed that nodules in the AA plantation mainly
occurred in the topsoil, especially the top 5 cm. Therefore, we
randomly selected three points within a 2-m radius around the
base of each individual tree, and used a small shovel to dig a
rectangular pit (10×20 cm) to a depth of 10 cm. Nodule sam-
ples were removed from the soil, cleaned, and checked for
activity by coloration. At the same time, we collected rhizo-
sphere samples following the method of Fujii et al. (2012).
Rhizosphere soil was sampled by slightly shaking the fine root
systems until the loose surrounding soil was removed and then
the soil closely adhering to the roots was collected. Samples of
nodule and rhizosphere soil were separately mixed by plot.
After collection, portions of each nodule and rhizosphere sam-
ple were oven-dried for 24 h at 65 and 105 °C, respectively,
and then weighed. Nodule density was expressed as grams per
nodule per square meter. Since the rhizosphere soil was only
the parts adhering to the roots, its density was calculated as an
area-based density (kg rhizosphere soil m−2) in this study.

BNF measurement

To estimate rates of BNF, we measured nitrogenase activity
using an acetylene reduction assay (ARA) (Hardy et al. 1968),
which uses the ability of nitrogenase to reduce N2 to NH3 and
also to reduce acetylene (C2H2) to ethylene (C2H4). It is worth
noting that the method of ARA had some potential problems
for quantitative estimation of N fixation, including the follow-
ing three main aspects: first, some microbes may also produce
or consume C2H4 which is also the end product of C2H2 re-
duction; second, the ARA method may induce N limitation
which in turn may induce nitrogenase synthesis and thus over-
estimation of BNF; third, the theoretical ratio of 3:1 to convert
nitrogenase activity to N2 fixation may have a slight fluctua-
tion depending on the fields (Welsh 2000). For the first aspect,
our preliminary experiment found no (or very weak) natural
production and consumption of C2H4 by the samples (forest
floor, bulk and rhizosphere soils, and nodule), and thus the
natural production and consumption of C2H4 could be
disregarded in our study. For the second aspect, we admitted
that the ARAmethod may overestimate BNF, but this method
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is still widely used in many forest studies (Zackrisson et al.
2004; Barron et al. 2008; Reed et al. 2008; Menge and Hedin
2009; Sullivan et al. 2014), and our study also adopted this
method in order to compare our results with theirs, particularly
for the results of the control plots (BBNF between plantations^
section). Additionally, because our study mainly focused on
the effects of treatments and forest types rather than the pure
estimation of BNF, any possible overestimation of BNF
caused by this method is of minor importance. In this study,
each sample (∼6 g of forest floor, ∼12 g of bulk soil, ∼12 g of
rhizosphere soil, and ∼0.1 g of nodule attached to a short root
segment) was sealed into a 120-mL gas-tight glass jar with a
lid fitted with butyl rubber septa. Ten percent of the headspace
(12 mL) in the jar was removed and replaced with the same
volume of C2H2 gas. All samples were incubated in situ on the
forest floor to simulate ambient light and temperature.
Incubation times were 30–60 min for nodule and 7 h for other
compartments, because our preliminary experiment showed
that nitrogenase activity in the non-nodule compartments de-
clined after more than 7-h incubation. At the end of incuba-
tion, the headspace gas from each jar wasmixed, sampled, and
stored in a gas-tight vacuum Labco Exetainer, and returned to
the laboratory for analysis within 48 h.

After measurement, all samples were dried for 48 h (65 °C
for forest floor and nodule, 105 °C for bulk and rhizosphere
soils) to calculate the dry mass. Because we would like to
understand the effects of treatments and forest types on BNF
rates, we used the theoretical ratio 3:1 (mol C2H2 reduced/mol
N2 fixed) to convert nitrogenase activity to BNF rates (Hardy
et al. 1968). This ratio has been used in many tropical forests
(Pearson and Vitousek 2001; Reed et al. 2008; Cusack et al.
2009), but it should be considered as a potential estimation
rather than a quantitative estimation. Rates of BNF were
expressed in units of kilograms N per hectare per year for
forest floor and bulk soil. At a mean density of 4 AA trees
or 12 EU trees per 100 m2 in our study sites (unpublished
data), rates of BNF for nodule and rhizosphere soil were also
converted into units of kilograms N per hectare per year.

Dissolved inorganic N analyses

Concentrations of dissolved inorganic N (DIN, including
NH4

+ and NO3
−) of bulk and rhizosphere soil were measured.

Each 10-g fresh sample was extracted with 50-mL 2 M KCl
solution, and NH4

+ and NO3
− concentrations were measured

spectrophotometrically following the method of Bremner and
Mulvaney (1982).

Statistical analyses

Effects of N addition on nitrogenase activity, rates of BNF,
nodule density, crown area, diameter at breast height (DBH),
DIN concentration, fresh leaf N content, and standing stock

were determined in a one-way analysis of variance
(ANOVA). A paired t test was used to compare nitrogenase
activity, rates of BNF, standing stock, crown area, DBH,
moisture content, DIN concentration, and fresh leaf N con-
tent in control plots between the two plantations. All sta-
tistical analyses were performed with SPSS 16.0 for
Windows (SPSS Inc., Chicago, IL, USA). Statistically sig-
nificant differences were recognized at the level of P< 0.05
unless otherwise stated.

Results

BNF in control plots

Because the ARAmethod was used for all the ecosystem com-
partments, this allowed us to compare the nitrogenase activity
and BNF rates between the treatments or the plantations, sim-
ilar with the method used by Cusack et al. (2009). Nitrogenase
activity of bulk soil (0.43–0.54 nmol C2H4g

−1 h−1) was similar
to that of rhizosphere soil (0.33–0.66 nmol C2H4g

−1 h−1), but
significantly lower than that of forest floor (0.94–
1.05 nmol C2H4 g

−1 h−1) in both plantations (Fig. 1).
Nitrogenase activity of both bulk and rhizosphere soils were
significantly higher in the EU plantation than in the AA plan-
tation, but nitrogenase activity of forest floor was similar be-
tween the two plantations. In the AA plantation, however, ni-
trogenase activity of nodule (1820.06 nmol C2H4g

−1 h−1) was
three orders of magnitude higher than of other compartments.
Total nitrogenase activity was significantly higher in the AA
plantation (1821.86 nmol C2H4g

−1 h−1) than in the EU planta-
tion (2.14 nmol C2H4g

−1 h−1). Accordingly, nitrogenase activ-
ity in control plots varied among ecosystem compartments and
plantation types.

Similarly, BNF rates in control plots varied depending on eco-
system compartments and plantation types (Fig. 2). Rates of BNF
were comparable among forest floor (0.40–1.05 kgNha−1 year−1),
rhizosphere soil (0.51–1.82 kg N ha−1 year−1), and nodule
(0.67 kg N ha−1 year−1), but significantly higher in bulk soil
(3.90–4.17 kg N ha−1 year−1) in both plantations. Compared to
the EU plantation, the AA plantation had significantly higher rates
of forest floor but significantly lower rates of rhizosphere soil.
However, BNF rate of bulk soil was similar between the AA
and EU plantation. Accordingly, total rates of BNF were compa-
rable between plantations (EU= 6.42 kg N ha−1 year−1;
AA=6.04 kg N ha−1 year−1).

Effects of N addition on BNF

In the AA plantation, N addition marginally or significant-
ly suppressed nitrogenase activity of all compartments ex-
cept for nodule (Fig. 1). In the EU plantation, N addition
significantly suppressed nitrogenase activity of bulk soil
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but not of forest floor. Nitrogenase activity, however, was
significantly stimulated in rhizosphere soil in the EU plan-
tation after HN addition. Total nitrogenase activity did not
change with N addition in either plantation. Thus, the ef-
fects of N addition on nitrogenase activity may be regulat-
ed by ecosystem compartments and plantation types.

Responses of BNF rates to N addition were similar to those
of nitrogenase activity for all compartments except for nodule
(Fig. 2). In the AA plantation, although nitrogenase activity of
nodule BNF had no response to either MN or HN addition,
BNF rates of nodule were significantly decreased after HN
addition. As a result, N addition significantly decreased total
BNF rates in the AA plantation but not in the EU plantation. In
the AA plantation, the negative effects of N addition on total
BNF rates contrasted to the non-significant effects of N addi-
tion on total nitrogenase activity, indicating a potential role of
nodule in regulating total BNF, because N addition signifi-
cantly suppressed BNF rates but not nitrogenase activity of
nodule (Figs. 1 and 2). The significant decreases in BNF rates
of nodule after N addition were likely caused by the signifi-
cant decreases in nodule biomass (Table 2).

Effects of N addition and plantation types on plant
parameters and environmental factors

Total DIN concentrations (NH4
+ and NO3

−) of bulk soil in
control plots were significantly higher in the AA plantation
than in the EU plantation, but both NH4

+ and total DIN con-
centrations of rhizosphere soil were significantly higher in the
EU plantation than in the AA plantation (Table 1). DIN con-
centrations (NO3

−, NH4
+, and total) of bulk soil showed sig-

nificant or slight increases in both plantations after N addition.
By contrast, DIN concentrations of rhizosphere soil signifi-
cantly increased in the AA plantation but not in the EU plan-
tation after N addition.

Standing stock of bulk soil, forest floor, and rhizosphere
soil in control plots were significantly higher in the AA plan-
tation than in the EU plantation (Table 2). Medium N addition
significantly decreased standing stock of bulk soil in the AA
plantation but not in the EU plantation. However, HN addition
had no significant effect on standing stock of bulk soil in both
plantations. Standing stock of forest floor had no significant
response to MN or HN addition in either plantation. Both MN

Fig. 1 Effects of N addition on nitrogenase activity in each ecosystem
compartment (forest floor, bulk and rhizosphere soils, and nodule) and on
total nitrogenase activity in each plantation (EU Eucalyptus urophylla,
AA Acacia auriculiformis). For each compartment, different letters

indicate significant differences (P< 0.05) between plantations in control
plots, while asterisk indicates significant differences (P< 0.05) between
the corresponding treatment and control. Error bars represent standard
errors (n= 3)

Fig. 2 Effects of N addition on rates of BNF in each ecosystem
compartment (forest floor, bulk and rhizosphere soils, and nodule) and
on total rates of BNF in each plantation (EU Eucalyptus urophylla, AA
Acacia auriculiformis). For each compartment, different letters indicate

significant differences (P < 0.05) between plantations in control plots,
while asterisk indicates significant differences (P < 0.05) between the
corresponding treatment and control. Error bars represent standard
errors (n= 3)
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and HN addition significantly increased standing stock of rhi-
zosphere soil in the EU plantation but not in the AA planta-
tion. HighN addition significantly decreased standing stock of
nodule in the AA plantation.

Fresh leaf N content in control plots was significantly
higher in the AA plantation than in the EU plantation
(Fig. 3a). N addition significantly increased fresh leaf N con-
tent in the EU plantation but not in the AA plantation. Crown
areas in control plots were significantly higher in the AA
plantation than in the EU plantation (Fig. 3b). High N addition
significantly increased crown areas in the EU plantation but
not in the AA plantation. However, DBH in both plantations
remained constant following N addition (Fig. 3c).

Moisture content of bulk soil was significantly higher in the
EU plantation than in the AA plantation, but moisture content
of forest floor showed an opposite trend (Fig. S1). Moisture
content of rhizosphere soil was comparable between planta-
tions. These results suggest that moisture content in control
plots were different depending on the compartments and plan-
tation types.

Discussion

BNF between plantations

Our results showed that total rates of BNF were comparable
between the AA (6.04 kg N ha−1 year−1) and the EU
(6.42 kg N ha−1 year−1) plantations, which did not support
our hypothesis that the N-rich AA plantation should be lower
in BNF than the N-poor EU plantation. This finding is also
inconsistent with the results (measured by ARA method) of
previous studies in which total BNF rates seem to be lower in
mature tropical forests with legume trees (Monk et al. 1981;
Pearson and Vitousek 2001) than in those without legume
trees (Reed et al. 2007, 2008; Cusack et al. 2009). However,
the above-mentioned studies in legume tree forests only mea-
sured rates of nodule and not of other compartments, making
it difficult to draw a comprehensive conclusion. Our study in
the mature AA plantation showed that forest floor
(1.05 kg N ha−1 year−1) and bulk (3.90 kg N ha−1 year−1) and
rhizosphere (0.51 kg N ha−1 year−1) soils still fixed N in spite of

Table 1 Effects of N addition on DIN concentrations in bulk and rhizosphere soils in each plantation

Plantation type EU AA

Treatment C MN HN C MN HN

Bulk soil NO3
− (mg kg−1) 11.82 (2.12) b 20.18 (0.72) a 20.72 (1.27) a 18.19 (2.14) 17.74 (2.67) 26.82 (3.88)

NH4
+ (mg kg−1) 6.11 (1.84) b 9.18 (0.87) ab 11.79 (1.52) a 6.11 (1.02) b 5.58 (0.60) b 12.09 (2.69) a

Total DIN (mg kg−1) 17.93 (0.31) Bb 29.36 (0.45) a 32.51 (2.63) a 24.30 (1.66) Ab 23.31 (2.81) b 38.92 (5.67) a

Rhizosphere soil NO3
− (mg kg−1) 16.97 (1.18) 15.69 (1.02) 14.82 (0.96) 18.15 (0.98) c 21.40 (0.58) b 24.87 (0.88) a

NH4
+ (mg kg−1) 14.94 (1.25) A 12.08 (1.28) 12.66 (1.27) 8.72 (0.63) Bb 10.80 (0.51) ab 12.39 (0.63) a

Total DIN (mg kg−1) 31.91 (1.51) A 27.77 (2.18) 27.48 (2.21) 26.87 (0.57) Bc 32.20 (0.22) b 37.26 (1.51) a

Values are means with standard errors in brackets (n= 3). Different capital and small letters indicate significant difference (P< 0.05) between forests and
among treatments, respectively

C control,MN medium N addition, HN high N addition, DIN dissolved inorganic N, EU Eucalyptus urophylla, AA Acacia auriculiformis

Table 2 Effects of N addition on standing stock of bulk soil, forest floor, rhizosphere soil, and nodule in each plantation

Plantation type EU AA

Treatment C MN HN C MN HN

Bulk soil (kg m−2) 94.09 (2.57) B 109.27 (3.91) 96.91 (6.28) 112.35 (5.18) Aa 89.68 (9.09) b 117.77 (3.48) a

Forest floor (kg m−2) 0.50 (0.12) B 0.41 (0.05) 0.52 (0.13) 1.24 (0.21) A 1.20 (0.11) 0.86 (0.09)

Rhizosphere soil (kg m−2) 2.32 (0.03) Bc 2.71 (0.03) b 2.91 (0.05) a 2.58 (0.04) A 2.54 (0.05) 2.58 (0.07)

Nodule (g m−2) 0.60 (0.06) a 0.37 (0.06) ab 0.20 (0.10) b

Standing stock of bulk and rhizosphere soils, and nodule referred to the depth of 0–10 cm, and standing stock of forest floor referred to the full thickness
from freshly fallen leaves to bulk soil surface. Values are means with standard errors in brackets (n = 3). Different capital letters and small letters indicate
significant difference (P< 0.05) between forests and among treatments, respectively

C control,MN medium N addition, HN high N addition, EU Eucalyptus urophylla, AA Acacia auriculiformis
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low rates of nodule (0.67 kg N ha−1 year−1). This finding sug-
gests that mature plantations with legume trees may still have
total rates of BNF equal to plantations without legume trees.

BNF rates of bulk soil were comparable between the two
plantations (Fig. 2), which contradicted our expectation that
lower rates would be found in the AA plantation due to the
richer initial N levels in bulk soil (Table 1). This finding,
however, is consistent with those from studies in the tropics
where BNF rates (measured by ARA method) of bulk soil
were similar between forests with legume trees (Gei 2014)
and without legume trees (Maheswaran and Gunatilleke
1990; Reed et al. 2008; Barron et al. 2008; Cusack et al.
2009). Actually, nitrogenase activity per gram of bulk soil
was significantly lower in the AA plantation than in the EU
plantation (Fig. 1), indicating that bulk soil with richer N in the
AA plantation did show lower diazotroph activity. However,
we found this plantation had significantly higher standing
stock of bulk soil than the EU plantation (Table 2), suggesting
that the AA plantation had a higher biomass of diazotrophs per
unit area. Although direct data about soil diazotroph biomass
is not available in this study, previous studies revealed that
soils with legume trees had a higher abundance and diversity
of diazotrophs than soils with non-legume trees (Diallo et al.
2004; Villadas et al. 2007). This, in combination with our
findings, suggests that plantations with legume trees may have
the higher biomass but lower activity of diazotrophs in bulk
soil than plantations without legume trees, and thus, the rates
of BNF per hectare of bulk soil may not significantly differ
between such plantations.

As expected, BNF rates of rhizosphere soil were signifi-
cantly higher in the EU plantation than in the AA plantation
(Fig. 2), suggesting a more important role for rhizospheric
BNF in plantations without legume trees. We infer that this
result is related to tree species (non-legume versus legume)
which may have different impacts on rhizospheric diazotrophs.
Theoretically, non-legume trees should provide a favorable
niche for rhizospheric diazotrophs that may indirectly provide
N for host trees via BNF (Santi et al. 2013). This view is sup-
ported by our study, because we found that both nitrogenase

activity and DIN concentrations of rhizosphere soil were sig-
nificantly higher in the EU plantation than in the AA plantation
(Fig. 1 and Table 1). By contrast, legume and other N-fixing
trees rely mainly on nodule for N, regardless of soil N status
(Markham and Zekveld 2007), indicating greater competitive-
ness in nodule BNF than in other pathways, such as
rhizospheric BNF. In our mature AA plantation, nodule still
had extremely high activity (Fig. 1) and fixed more N than
rhizospheric diazotrophs (Fig. 2), despite nodule biomass
(Table 2) being magnitudes lower than it was in younger stages
(Ding et al. 1994). This demonstrates that nodule rather than
rhizosphere soil is still the main source of fixed N for mature
AA trees. To our knowledge, there has been so far no report
available to estimate the role of rhizospheric BNF in forests.
Our findings provide new insights into rhizospheric BNF in
forest plantations and suggest that the rates of rhizospheric
BNF may depend on forest type (with/without legume trees).

Contrary to our expectation, BNF rates of forest floor were
significantly higher in the AA plantation than in the EU plan-
tation (Fig. 2). This unexpected result can also be accounted
for by tree species (legume versus non-legume) as follows.
First, N-fixing legume trees are less limited by N and often
grow relatively faster (Nichols et al. 2001; Pearson and
Vitousek 2001) than non-legume trees (Binkley et al.
2003a). In this study, we found a significantly larger crown
area in the AA plantation than in the EU plantation (Fig. 3b)
and a crown closure in the AA plantation but not in the EU
plantation. On the one hand, since forest canopy has net re-
tention of atmospheric N in precipitation (Clark et al. 1998),
the larger and more closed crown of the AA plantation may
retain more atmospheric N that directly suppresses on BNF in
forest floor (Cusack et al. 2009). On the other hand, the more
closed crown of the AA plantation may result in lower evap-
oration rates and thus higher moisture content in forest floor
(Fig. S1), which in turn provides favorable anoxic microsites
for diazotrophs (Reed et al. 2007; Cusack et al. 2009).
Therefore, the AA plantation showed higher BNF rates of
forest floor than the EU plantation. Second, legume trees often
produce more litterfall onto forest floor than non-legume trees

Fig. 3 Effects of N addition on fresh leaf N content (a), crown areas (b),
and diameter at breast height (DBH) (c) in the two plantations. C control,
MN medium N addition, HN high N addition, EU Eucalyptus urophylla,
AAAcacia auriculiformis. Different letters indicate significant differences

(P< 0.05) between plantations. Asterisk indicates significant differences
(P < 0.05) between each treatment and control. Error bars represent
standard errors (n= 3)
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(Binkley et al. 1992; Zhang et al. 2012a, b) due to their fast
growth. In our study, standing stock of forest floor was more
than twofold higher in the AA plantation than in the EU plan-
tation (Table 2). Higher standing stock has been found to
contribute higher rates of BNF of forest floor per unit area
(Matzek and Vitousek 2003; Menge and Hedin 2009).
Accordingly, our result suggests that forest floor may have
higher BNF rates in mature plantations with legume trees than
in those without legume trees.

Effects of N addition on BNF

As expected, N addition significantly decreased total rates of
BNF in the AA plantation because of the decreased fixing
rates in all compartments (Fig. 2). First, N addition significant-
ly decreased BNF rates of nodule, as previous studies have
also reported (Markham and Zekveld 2007; Batterman et al.
2013b). This phenomenon is not surprising because N fixers
prefer to take up inorganic N since BNF costs more energy
(Crews 1999). In this study, we found that the decreased fixing
rates of nodule were caused by a decrease in nodule biomass
(Table 2) but not in nitrogenase activity (Fig. 1). This suggests
that tropical legume trees may be Bfacultative^ strategy fixers
(Batterman et al. 2013b; Menge et al. 2014) that reduce the
energy cost of nodule production when soil N improved after
N addition (Table 1). However, legume trees may still rely on
nodule for N in spite of rich N in soil (Markham and Zekveld
2007) because high N addition never completely stops either
nodule BNF (Fig. 2) or nodule production (Table 2).

Second, N addition also significantly decreased BNF rates
of bulk soil, forest floor, and rhizosphere soil in the AA plan-
tation (Fig. 2). This finding suggests that external N addition
would not only decrease BNF rates of symbiotic nodules but
also of free-living compartments (bulk and rhizosphere soils
and forest floor) in legume tree forests, resulting in more se-
rious suppression of total BNF than previously thought. We
infer that the negative responses of BNF in free-living com-
partments were likely related to excess N in the AA plantation,
based on two lines of evidence: (1) although N addition mar-
ginally and/or significantly increased N concentrations in bulk
and rhizosphere soils (Table 1), and forest floor (Zhang et al.
2014) in the AA plantation, it did not increase microbial bio-
mass N (Zhang et al. 2012b) or fresh leaf N content (Fig. 3a);
and (2) the excess N in the AA plantation following N addi-
tion was lost via increased N2O gas emission (Zhang et al.
2014). Thus, external N added to this N-rich plantation would
not be utilized any more, and it would instead work against
BNF and nitrogenase activity in all free-living compartments
(Figs. 1 and 2).

Consistent with our hypothesis, N addition did not change
total rates of BNF in the EU plantation (Fig. 2). We found that
although N addition significantly decreased BNF rates of bulk
soil, it significantly increased rates of the rhizosphere soil and

did not affect rates of forest floor (Fig. 2). Our result from the
forest floor was consistent with those from other forests with-
out legume trees (Vitousek and Hobbie 2000; Reed et al.
2007; Cusack et al. 2009), while our result from bulk soil
was only consistent with that from Panama forests (Barron
et al. 2008) but not from other forests (Reed et al. 2007;
Cusack et al. 2009) where BNF rates of bulk soil had no
response to N addition. In our EU plantation, the opposite
responses of bulk and rhizosphere soils to N addition were
interesting, because we expected no BNF response in this
N-poor plantation. However, the underlying mechanism is
currently unclear, because little is understood about how
diazotroph communities vary from bulk (Diallo et al. 2004)
to rhizosphere (Villadas et al. 2007) soil. In the EU plantation,
we found that rhizospheric DIN concentrations showed a
slight though not significant decrease after N addition, but
DIN concentrations in bulk soil were significantly increased
(Table 1). This led to lower DIN concentrations in rhizosphere
(27.48–27.77mg kg−1) than in bulk soil (29.36–32.51mg kg−1)
in N-treated plots. In light of this, we assume that diazotrophs
may move from bulk to rhizosphere soil for the favorable lower
N microsite in rhizosphere soil after N addition, thus leading to
decreased fixing rates of bulk soil and increased fixing rates of
rhizosphere soil. Two explanations can support this assumption.
First, Eucalyptus can grow fast by absorbing large amounts of
N from rhizosphere after N addition. In the EU plantation, N
addition never increases rhizospheric DIN concentrations
(Table 1), but it does significantly increase crown areas
(Fig. 3b), fresh leaf N content (Fig. 3a), and leaf litter N content
(Zhang et al. 2014). This evidence suggests that plenty of
rhizospheric N may be absorbed by the EU trees for growth
after N addition, leaving a low level of N in rhizosphere.
Second, rhizosphere with low N may provide a favorable
microsite for the free-living diazotrophs in bulk soil to move
into. Bashan (1999) suggested that several groups of
diazotrophs would move Bactively^ from bulk into rhizosphere
soil if rhizosphere had favorable colonization conditions. This
phenomenon likely occurs in our EU plantation, as reflected by
the favorable lower N level in rhizosphere soil than in
bulk soil after N addition (Table 1). In addition, our
study implies that diazotrophs may also Bpassively^
move into rhizosphere soil via root growth, as evi-
denced by a significant increase in standing stock of
rhizosphere soil after N addition (Table 2). Movement
of diazotrophs from bulk to rhizosphere soil after N
addition was further supported by a significant decrease
in nitrogenase activity of bulk soil and a significant
increase in nitrogenase activity of rhizosphere soil
(Fig. 1). Accordingly, our findings suggest that in plan-
tations with non-legume trees, diazotrophs in bulk soil
may move to rhizosphere soil after N addition for the
lower rhizospheric N level, and that the decreased BNF
rates of bulk soil were actually offset by the increased
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rates of rhizosphere soil. Thus, N addition will not
change total rates of BNF in mature plantations with
non-legume trees.

Conclusions

To our knowledge, this is the first comparative study of BNF
in two mature tropical forest plantations with and without
legume trees, and of the BNF response to N addition. Two
important findings were discovered in this study. First, al-
though the two plantations had similar rates of BNF overall,
rates of rhizosphere soil were significantly higher in the EU
plantation whereas rates of forest floor were significantly
higher in the AA plantation. Second, external N addition sig-
nificantly decreased BNF rates of all measured compartments,
and thus, total rates in the AA plantation; by contrast, N addi-
tion did not change total BNF rates in the EU plantation,
which upregulated BNF rates of rhizosphere soil to offset
the suppressed BNF rates of bulk soil. This finding provides
a new line of evidence that forest type (with/without legume
trees) regulates the effects of N input on BNF, and suggests
that elevated atmospheric N deposition in recent decades will
suppress total N fixation in mature forests with legume trees
but not in those with non-legume trees.
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