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ABSTRACT

Asymbiotic nitrogen (N) fixation (ANF) is an
important source of N in pristine forests and is
predicted to decrease with N deposition. Previous
studies revealing N fixation in response to N
deposition have mostly applied understory N
addition approaches, neglecting the key processes
(for example, N retention and uptake) occurring in
forest canopy. This study evaluated the effects of N
deposition on N fixation in the soil, forest floor,
mosses, and canopy leaves in a temperate forest (in
central China) and a tropical forest (in southern
China) with different treatments: control, under-
story N addition, and canopy N addition. Results
showed that total ANF rates were higher in the
temperate forest (2.57 + 0.19 mg N m~ 2 d™') than
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in the tropical forest (1.34 4+ 0.09 mg N m >d ™).
N addition inhibited the soil, forest floor, moss, and
foliar N fixation in the temperate forest, whereas it
inhibited only the soil N fixation in the tropical
forest. Compared to canopy N addition, understory
N addition overestimated the inhibitory effects of N
deposition on total ANF slightly in the tropical
forest (by 35%) but severely in the temperate forest
(by 375-472%) due to neglecting canopy retention
of N. In summary, our findings indicate that ANF
has different rates and sensitivities to N addition
between tropical and temperate forests and that
understory N addition overestimates the N deposi-
tion effects on ANF in forests, particularly in the
temperate forest. These findings are important for
our accurate understanding and estimate of ter-
restrial N fixation under N deposition scenarios.

Key words: asymbiotic nitrogen fixation; canopy
nitrogen addition; canopy nitrogen retention; ni-
trogenase activity; nitrogen deposition; nitrogen
fixation rates; understory nitrogen addition.
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HIGHLIGHTS

e Lower ANF rates in the tropical forest than in the
temperate forest

e Less ANF sensitivity to added N in the tropical
forest than in the temperate forest

e Overestimates of N deposition effects on ANF in
forests by understory N addition

INTRODUCTION

Nitrogen (N) is a key nutrient to organisms, and its
availability regulates ecosystem structure and
function (Vitousek and others 2002, 2013; Gal-
loway 1998). Asymbiotic N fixation (ANF), a pro-
cess by which free-living N-fixing microbes transfer
dinitrogen gas (N,) into biologically available N
(NH3), is an important pathway of N input into
unmanaged terrestrial ecosystems (Cleveland and
others 1999; Reed and others 2011). To date, free-
living N-fixing microbes have been found in
numerous ecosystem substrates, such as the surface
soil (Cusack and others 2009), forest floor (Reed
and others 2007), epiphytes (for example, mosses
and lichens; Cusack and others 2009), and canopy
foliage (that is, epiphylls and/or endophytes, Cu-
sack and others 2009; Moyes and others 2016).
Previous studies have indicated that ANF consti-
tutes a major source of new N in many high-lati-
tude forests, where rates of N deposition are low
(DeLuca and others 2008; Gundale and others
2011; Moyes and others 2016). In several N-rich
mature tropical forests, ANF remains active in the
soil and forest floor (Reed and others 2007, 2008;
Cusack and others 2009), thereby driving and
sustaining tropical N richness (Hedin and others
2009). Despite the key roles of N fixation in ter-
restrial ecosystems, our knowledge of N fixation
rates and of their controls is still limited (Cleveland
and others 1999; Reed and others 2011; Vitousek
and others 2013).

Over the past decades, human activities have led
to a dramatic increase in atmospheric N deposition
rates (Galloway and others 2004; Chen and others
2015). In most regions of the world, average rates
of N deposition have exceeded 10 kg N ha™ ! y™*
and are predicted to double by the year 2050
(Galloway and others 2008). Elevated N deposition
has adverse impacts on forest ecosystems, resulting
in soil acidification, nutrient losses, and decreases
in plant and microbial diversity (Galloway and
others 2004; Matson and others 1999). Globally, N
inputs down-regulate ANF rates (Dynarski and

Houlton 2018) because N fixation is more energy
expensive than either soil N uptake or the direct
utilization of exogenous N (Gutschick 1981). For
individual studies, however, the sensitivities of N
fixation to N inputs are divergent.

First, previous studies in temperate forests
showed that short-term (for example, < 1 year)
addition of N suppressed N fixation in the lichens
(Hallbom and Bergman 1979), leaf litter (Nohrstedt
1988), and soil (Perakis and others 2017); however,
in humid tropical forests, N addition did not affect
N fixation (Reed and others 2007) or down-regu-
lated N fixation after chronic (for exam-
ple, > 3 years) treatment (Barron and others
2008; Cusack and others 2009; Matson and others
2015; Wang and others 2017). Second, a previous
study in two tropical rainforests showed that N
addition down-regulated N fixation rates in some
substrates (for example, soil and forest floor) but
not in others (for example, epiphytic mosses; Cu-
sack and others 2009). Third, several field and
greenhouse studies revealed that low N addition
had no or slightly inhibitory effects on N fixation,
whereas high N addition had strong inhibitory ef-
fects on N fixation (Gundale and others 2011;
Batterman and others 2013; Zheng and others
2016). The above observations indicate our
incomplete understanding of the N deposition
controls over N fixation.

Importantly, our current knowledge of how N
deposition affects N fixation is derived from field
experiments with understory N addition (N is di-
rectly added to the forest floor), which neglects key
processes (that is, retention and uptake of N)
occurring in the forest canopy (Zhang and others
2015; Shi and others 2016). There is increasing
evidence that forest canopy retains substantial N
under atmospheric N deposition (Klopatek and
others 2006; Fenn and others 2013; Houle and
others 2015) or after canopy N addition (Gaige and
others 2007; Dail and others 2009). The N retained
by the forest canopy is absorbed by foliage, epi-
phytes, bark, and branches (Adriaenssens and
others 2012), which thereby reduces the inorganic
N concentrations (Klopatek and others 2006; Gaige
and others 2007; Fenn and others 2013) and alters
the ratio of NH,* to NO;~ (Houle and others 2015)
in throughfall. Thus, the traditional approach of
understory N addition likely overestimates the
negative effects of N deposition on understory
processes and underestimates the effects on canopy
processes. Although ANF has been found in both
aboveground and understory compartments in
forest ecosystems (Reed and others 2011), no
published study has used a canopy N addition ap-
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proach to determine the effects of N deposition on
N fixation.

This study aimed to determine whether canopy
and understory N addition have different effects on
ANF. We measured N fixation rates in the sub-
strates of the forest floor, soil, canopy leaves, and
mosses in the Jigongshan (JGS) forest (a temperate
forest in central China) and the Shimentai (SMT)
forest (a tropical forest in southern China) follow-
ing different N addition treatments: control,
understory N addition, and canopy N addition. We
selected two forests with different climatic zones
because ANF may have different rates (Reed and
others 2011) and show different sensitivities to N
addition between tropical and temperate forests
(Dynarski and Houlton 2018). Moreover, current
studies of N fixation and its responses to N addition
are lacking in both tropical and temperate forests in
Asian regions (Cleveland and others 1999; Dy-
narski and Houlton 2018). The two selected forests
have a similar age (45-50 years), but the SMT
forest has a higher mean annual temperature (20.8
vs. 15.2°C), precipitation (2364 vs. 1119 mm), and
background N deposition (34.1 vs. 19.6 kg N ha™
'y™!) than the JGS forest. Although high N
deposition can inhibit N fixation (Galloway and
others 2008), we hypothesized that ANF rates
would be higher in the SMT forest than in the JGS
forest (H1) because high temperature and precipi-
tation can benefit ANF (Reed and others 2011), and
several recent studies have found active ANF in
some tropical forests in southern China regardless
of high N deposition (Zheng and others 2017,
2018). Given a possible adaption of N fixers to high
background N deposition in the SMT forest, we
hypothesized that N addition would reduce ANF
rates less in the SMT forest than in the JGS forest
(H2). Additionally, we hypothesized that under-
story N addition would overestimate the inhibitory
effects on the soil and forest floor N fixation but
underestimate those on the moss and foliar N fix-
ation compared to canopy N addition (H3).

MATERIALS AND METHODS
Study Area

This study was conducted in two forests with dif-
ferent climate zones. The JGS forest is in Jigong-
shan National Nature Reserve (31°46’-31°52'N,
114°01°-114°06’E) in Henan Province, central
China, which lies in a temperate zone. The mean
annual temperature is 15.2°C, and the mean an-
nual precipitation is 1119 mm (80% falling from
April to October). The rate of ambient N deposition

in precipitation is approximately 19.6 kg N ha™
' y~! (Zhang and others 2015). The main species in
the JGS forest are Liquidambar formosana Hance.
and Quercus variabilis Bl. in the tree layers and
Trachelospermum jasminoide Lem. and Euphorbia
humifusa Willd. in the understory layers (Table S6).

The SMT forest is in Shimentai National Nature
Reserve (24°22’-24°31’N, 113°05’-113°31’E) in
Guangdong Province, southern China, which lies
in a tropical zone with a typical monsoon climate.
The mean annual temperature is 20.8°C. The mean
annual precipitation is 2364 mm, 80% of which
occurs from April to October. The rate of ambient N
deposition is approximately 34.1 kg N ha™'y™!
(Zhang and others 2015). The main species in the
SMT forest are Castanopsis chinensis Hance., Schefflera
octophylla Harms., Elaeocarpus dubius A. DC. and
Schima superba Chardn. in the tree layers and
Symplocos ramosissima Wall., Macaranga sampsonii
Hance. and Lindera metcalfiana Allen. in the
understory layers (Table S6).

Experimental Design

At both forest sites, N was added using two ap-
proaches (canopy vs. understory N addition). Ca-
nopy N addition simulated a realistic pathway of
atmospheric N deposition, and understory N addi-
tion represented a traditional approach that has
been applied in many N deposition studies in the
past. Our experiment was a completely randomized
block design with four and three blocks in the JGS
and SMT forest, respectively. There were five N
addition treatments in each block: control (C),
understory N addition at 25 kg N ha™' y~' (UN25)
and at 50 kg N ha~! y~! (UN50), canopy N addi-
tion at 25kgNha'y' (CN25) and at
50 kg N ha~' y~' (CN50). Each treatment was as-
signed to a circular plot (907 m? in area and 17 m
in semidiameter) with a total of 20 and 15 plots in
the JGS and SMT {forest, respectively. Each circular
plot was surrounded by a more than 20 m wide
buffer strip.

From April 2013 to July 2016, the equivalent of
3 mm of precipitation containing NH,NO5 solution
was applied to the treated plots monthly during
every growing season (from April to October; the
25th treatment event was performed in July 2016)
when both forests were at full canopy develop-
ment. The treated plots received 21 mm of addi-
tional water per year, only accounting for less than
2% and less than 1% of the total annual precipi-
tation in the JGS and SMT forests, respectively.
Thus, the confounding effect of water addition
resulting from the treatment was considered mar-
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ginal (Zhang and others 2015). No experimental
manipulation was performed in the control plots.

Canopy N addition treatment was performed
using a 35-m high spraying system in which
NH,4NO; solution was pumped to the top (~ 5 m
above the canopy) through polyvinyl chloride
pipes (which were fixed to a supporting tower) and
evenly sprayed on the forest canopy via a pair of
crane sprinklers (which could turn 360°automati-
cally). Understory N addition treatment was per-
formed using a 1.5-m high irrigation system that
sprayed NH4NOs5 solution on the forest floor di-
rectly.

Field Sampling

Field sampling was carried out in July 2016 (after
3 years of chronic N addition). Specifically, five
samples of forest floor [which included all recog-
nizable leaves (that is, fresh and decomposed
leaves) and fine woody tissues; Cusack and others
2009] were randomly collected from each plot with
a 30 x 30-cm metal frame and mixed within each
plot. Beneath the forest floor, mineral soil (at a
depth of 0-10 cm) was sampled with a 2.5-cm soil
corer and then mixed by plot. Fresh leaves in the
forest canopy were sampled with a 20-m long pole
pruner from 2 to 3 individuals of each dominant
tree species (L. formosana and Q. variabilis in the JGS
forest and C. chinensis, S. octophylla, E. dubius, and S.
superba in the SMT forest). The collected leaves
were mixed within tree species for a total of 2 and 5
samples per plot in the JGS and SMT forests,
respectively. Epiphytic mosses were distributed at
the base of the tree trunk, and they received ca-
nopy N addition treatments but not understory N
addition treatments. The dominant species of
mosses are Entodontaceae compressus, Tortula subu-
lata, Barbula tectorum, and Polytrichaceae longisetum
in the JGS forest, and Syrrhopodon armatus, Syr-
rhopodon japonicus, Fissidens javanicus, Paraleuco-
bryum enerve, and Bryum caespiticium in the SMT
forest. Epiphytic mosses were sampled by scraping
four 10 x 10 cm pieces from each tree whose ca-
nopy leaves were sampled. Because different moss
species were mixed distributed and each species did
not always occur in each plot, the collected mosses
were only mixed by plot. Additionally, N-fixing
plants were rare at both forest sites (with a cover-
age of 0.5% and 1.4% in the JGS and SMT forests,
respectively; Table S6); thus, their contribution to
N input was ignored.

All fresh samples were weighed. Portions of each
sample were oven-dried (65°C for the forest floor,
leaves, and epiphytic mosses and 105°C for the soil)

for 48 h to measure the moisture content. We
estimated the standing stocks of the soil and forest
floor using dry weights and sampling areas and
expressed them as ‘g soil m~% and ‘g forest floor
m ™2, respectively. Because mosses were mainly
distributed at the base of the tree surface (that is,
~ 1.6 and ~ 2.4 m above the ground in the SMT
and JGS forests, respectively), their densities were
estimated by the average percent cover (Zheng and
others 2017). Assuming each tree to be a cylinder,
we calculated the surface area of the tree by mul-
tiplying circumference by height. Thus, the stand-
ing stock of mosses was estimated by the moss
cover, moss moisture content (for the calculation of
dry weight), tree surface area, and tree density (818
and 446 trees ha™' in the SMT and JGS forests,
respectively) and expressed as ‘g moss m~ 2 ground
area.’” The standing stock of leaves (g leaves m™*
ground area) was calculated by the leaf area index
[that is, 2.60 (Zhu and others 2017) and 4.43
(personal communication with Zhen Zhang) for the
JGS and SMT {forests, respectively] and the specific
leaf area (leaf area/leaf dry weight).

Measurement of Asymbiotic N Fixation

We measured nitrogenase activity with the acet-
ylene reduction assay (ARA) (Hardy and others
1968), based on the fact that N-fixing microbes can
reduce acetylene (C,H,) to ethylene (C,Hy).
Specifically, about 10 g fresh soil, about 6 g forest
floor, about 5 g canopy leaves, or around 4 g
mosses was sealed in 120-ml gas-tight glass bottles.
In each bottle, 10% (that is, 12 ml) of the head-
space gas was removed and replaced with pure
C,H; (99.99%). It is noted that the foliar N fixation
that we measured included activities of both epi-
phylls (Cusack and others 2009) and endophytes
(Moyes and others 2016). To approximate the
realistic temperature and light of the field, all
samples were incubated in situ for 12 h. After
incubation, portions (~ 15 ml) of the headspace
gas from each bottle were collected and stored in a
12-ml Labco Exetainer™ (Labco, High Wycombe,
U.K.).

The C,H,4 concentrations of each gas sample were
measured using a gas chromatograph (Shimadzu
GCl14, Japan). Additionally, the background C,H4
concentrations in pure C,H, gas and the C,H4
concentrations naturally produced by the samples
were measured and subtracted. Nitrogenase activ-
ity was expressed as the C,H, production rate
(nmol C,H, g~ ' dry weight h™!). N fixation rates
(mg N m % day™') were estimated by C,H, pro-
duction rates (Figure S1), standing stocks
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(kg dry weight m~?%; Table S3), and conversion ra-
tios (C,H, reduced/N, fixed; Table S5). Although a
theoretical conversion ratio of 3/1 has been widely
used in previous studies (for example, O’Connell
and others 1979; Matson and others 2015; Zheng
and others 2016), this ratio actually varies across
study sites (Barron and others 2008; Keuter and
others 2014). In this study, we calibrated the con-
version ratios by incubating the subsamples (forest
floor, soil, leaves, and mosses) from the control
plots (n = 4 for the JGS forest; n = 3 for the SMT
forest) with 10% by volume 99 atom% '°N, for
24 h. The amounts of the subsamples used for
incubation were equivalent to those used for the
ARA mentioned above. The '°N, incubation
experiment was conducted in parallel with the
ARA. After incubation, all samples were dried at
60°C, ground to a fine powder and analyzed for
">’N/'*N and N% on an isotope ratio mass spec-
trometer (IsoPrime 100, Elemental Co., Germany).
Using the data of ARA (that is, C;H, reduced) and
5N (that is, N, fixed), we estimated the conversion
ratios for each compartment in the JGS and SMT
forests, respectively (Table S5). Total ANF rates
within the forests were calculated as the sum of the
rates in all compartments.

Measurement of Total N and Inorganic N
Concentrations

Concentrations of total N (TN) in each compart-
ment were determined by the indophenol blue
method after semimicro-Kjeldahl digestion (Liu
1996). Concentrations of inorganic N (NH,* and
NOs37) in fresh soil and forest floor were analyzed
spectrophotometrically after extraction with 50 ml
2 M KCI solution (Bremner and Mulvaney 1982).
Concentrations of total dissolved inorganic N (DIN)
were the sum of NH,* and NO5~ concentrations.

Data Analyses

To understand how N addition affected N fixation
and the N concentrations in each compartment,
one-way analysis of variance (ANOVA) was used to
determine the differences in each variable among
treatments (C, CN25, CN50, UN25, and UN50).
Due to the unbalanced experimental design (that
is, different plot replicates between the two forests),
ANOVA was used to analyze the effects for each
forest separately. To understand the initial differ-
ence in N fixation between the two forests, an
independent two-tailed ¢ test, which does not re-
quire equal sample sizes between groups, was used
to compare nitrogenase activity and N fixation rates

in the control plots of the forests. All data were
examined for equality of variances and normality
using Levene’s and Kolmogorov-Smirnov tests,
respectively. Data that failed to meet the require-
ments of equality of variance or normality were
log-transformed for analysis. Statistical analyses
were performed in SPSS 21.0 for Windows (SPSS
Inc., Chicago, IL, USA) with a statistically signifi-
cant level of p < 0.05.

To understand whether understory N addition
over- or underestimated the effects on N fixation
compared with canopy N addition, we calculated
the changes in N fixation by comparing the effects
of understory and canopy N addition according to
the following formulas:

n

F, i "\ F, i
AFC,Z' _ (FCz' _ Z con;lrol z) Z con]tqrol i % 100%
i=1

i=1

(1)
" "
AFy_; = (FUi - ZE"“:"“> /ZFC"“:"“ x 100%
i=1 =1
(2)
Acstimate—i = (AFUi - iF;_i> /i AI;C_f x 100%
=1 =1
3)

where F represents N fixation (that is, nitrogenase
activity or N fixation rates); C and U represent ca-
nopy and understory N addition, respectively; # is
the sample size (n = 4 for the JGS forest; n = 3 for
the SMT forest); AFc_; and AFy_; are the changes in
the effects of canopy and understory N addition
compared to the controls, respectively; Aestimate—i 1S
the change caused by the effects of understory N
addition compared to the effects of canopy N
addition.

n
_ Aot »
A _ estimate—1 4
estimate ;:1 n ( )
n _
Z (Aestimate—i - Aestimate)
Ase = \| = 5
se n % (n _ 1) ( )

where Acstimate—i i the mean change caused by the
effects of understory N addition compared to the
effects of canopy N addition and As, is the standard
error of the means. If Aggimate—; 1S positive, under-
story N addition caused an overestimate compared
to canopy N addition, and vice versa. Data shown
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Figure 1. Effects of N addition on asymbiotic N fixation (ANF) rates in different compartments and total ANF rates in the
JGS (Jigongshan) and SMT (Shimentai) forests. C: control; CN25: canopy N addition at 25 kg N ha™! y~!; CN50: canopy N

-1,

addition at 50 kg N ha™' y~'; UN25: understory N addition at 25 kg N ha™' y~!; UN50: understory N addition at
50 kg N ha™! y%; Leaf-1 and Leaf-2 in the JGS forest represent L. formosana and Q. variabilis, respectively; Leaf-1, Leaf-2,
Leaf-3, and Leaf-4 in the SMT forest represent C. chinensis, S. octophylla, E. dubius, and S. superba, respectively. Error bar
represents standard error of means (n = 4 for the JGS forest; n = 3 for the SMT forest). *Represents a significant difference
(» < 0.05) between the treatment and control. Different letters represent significant differences (p < 0.05) between the

control plots.

in figures (Figure 2 and S2) are means (Aestimate)
with standard errors (Asge).

RESULT

Asymbiotic N Fixation in the Control
and N Addition Plots

Epiphytic mosses showed the highest nitrogenase
activity (2.33-4.27 nmol g~' h™') followed by the
forest floor (0.86-1.89 nmol g~' h™'), leaves
(0.10-0.19 nmol g~ ' h™'), and soil  (0.04—
0.07 nmol g~' h™') (Figure S1). In the control
plots, moss nitrogenase activity was significantly
higher in the JGS forest than in the SMT forest
(ts = 2.9, p=0.035; ¢ test), whereas nitrogenase
activity of the soil, forest floor, and leaves were
comparable between the forests. In the JGS forest,
UN25 and UN5O0 significantly decreased nitroge-
nase activity of the forest floor (by 42.3% and
54.4%, respectively; Fy ;s =24.2, p < 0.001; AN-
OVA) and soil (by 35.9% and 37.7%, respectively;
Fy15 =10.8, p < 0.001), whereas CN25 and CN50
significantly decreased nitrogenase activity of the
mosses (by 29.6% and 41.1%, respectively;
F415=9.4, p=0.001) and CN25 significantly de-
creased foliar (L. formosana) nitrogenase activity (by
34.2%; F415 = 3.7, p = 0.027). N addition had no
effect on nitrogenase activity in any of the com-
partments (except for the soil) in the SMT forest.
N fixation rates (mg N m~2 d™') were calculated
by standing stocks, nitrogenase activity, and the

calibrated conversion ratios (see the Materials and
Method section). Soil showed the highest N fixa-
tion rates (1.06-1.86 mg N m~2d '), followed by
forest floor (0.22-0.66 mg N m~2d™"'), epiphytic
mosses (0.01-0.03 mg Nm >d™'), and leaves
(0.01-0.02 mg N m~2 d™ ') (Figure 1). In the con-
trol plots, the forest floor, soil, and moss N fixation
rates were significantly higher in the JGS forest
than in the SMT forest (fs = 6.3, 3.7, and 6.7,
respectively, p = 0.001, 0.013, and 0.001, respec-
tively; ¢ test), but foliar N fixation rates were
comparable between the forests. Total ANF rates
were significantly higher in the JGS forest than in
the SMT forest (ts = 5.1, p = 0.004). In the JGS
forest, UN25 and UNS5O0 significantly decreased N
fixation rates of the forest floor (by 41.5% and
56.2%, respectively; Fq;15 = 8.0, p = 0.001; ANO-
VA) and soil (by 35.3% and 38.1%, respectively;
F415=8.0, p=0.001), and CN25 and CN50 sig-
nificantly decreased N fixation rates of the mosses
(by 37.8% and 54.7%, respectively; Fq15 = 11.3,
p < 0.001), whereas CN25 significantly decreased
the foliar (L. formosana) N fixation rates (by 31.1%;
Fy15 = 3.7, p = 0.027). In the SMT forest, there was
no effect of N addition on N fixation rates in any of
the compartments (except for the soil). UN25 and
UNS50 significantly decreased total ANF rates in the
JGS forest (by 36.1% and 41.8%, respectively;
F415 = 14.8, p < 0.001), whereas UN50 signifi-
cantly decreased total ANF rates in the SMT forest
(by 19.2%; Fy410 = 3.6, p = 0.045).
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canopy N addition at 25 kg N ha™' y~! (1 = 4 for the JGS forest; # = 3 for the SMT forest); UN50 versus CN50: the effects
of understory N addition compared to those of canopy N addition at 50 kg N ha™' y~! (1 = 4 for the JGS forest; n = 3 for
the SMT forest); Leaf-1 and Leaf-2 in the JGS forest represent L. formosana and Q. variabilis, respectively; Leaf-1, Leaf-2,
Leaf-3, and Leaf-4 in the SMT forest represent C. chinensis, S. octophylla, E. dubius, and S. superba, respectively. Error bar
represents standard error of means (n = 4 for the JGS forest; n = 3 for the SMT forest). Error bars overlapping with zero

indicate insignificant effects.

Changes in Asymbiotic N Fixation
Comparing Understory Versus Canopy N
Addition

The changes in nitrogenase activity comparing the
two N treatments (CN vs. UN) were large in the soil
and forest floor but small and approximately zero
in the mosses and leaves (Figure S2). In the JGS
forest, compared with CN25 and CN50, UN25 and
UN50 overestimated the inhibitory effects of N
deposition on nitrogenase activity in the soil (by
352.1% and 671.6%, respectively) and forest floor
(by 278.2% and 879.6%, respectively) but under-
estimated that in the mosses (by 82.6% and
120.0%, respectively) and the canopy leaves of Q.
variabilis (by 139.3% and 170.8%, respectively).
Compared with CN25, UN25 underestimated the
inhibitory effects on nitrogenase activity in the
canopy leaves of L. formosana (by 133.4%) in the
JGS forest. In the SMT forest, compared with CN50,
UN50 overestimated the inhibitory effects on
nitrogenase activity in the soil (by 75.8%) but
underestimated that in the canopy leaves of C.
chinensis (by 55.5%) and S. superba (by 37.6%). No
significant change in nitrogenase activity was ob-
served when comparing canopy and understory N
treatments in other compartments in the SMT
forest.

Similarly, the changes in N fixation rates com-
paring the two N treatments were large in the soil
and forest floor in the JGS forest but small in the
SMT forest (Figure 2). In the JGS forest, compared

with CN25 and CN50, UN25 and UN50 overesti-
mated the inhibitory effects on N fixation rates in
the soil (by 646.3% and 634.0%, respectively) and
forest floor (by 200.7% and 406.3%, respectively)
but underestimated those in the mosses (by 81.1%
and 118.3%, respectively). In the JGS forest, UN25
underestimated the inhibitory effects on N fixation
rates in the canopy leaves of L. formosana (by
125.7%) compared with CN25, and both UN25 and
UNS50 underestimated the inhibitory effects in the
canopy leaves of Q. variabilis (by 144.8% and
77.1%, respectively) compared with CN25 and
CN50. In the SMT forest, UN50 overestimated the
inhibitory effects on the soil N fixation rates (by
41.3%) compared with CN50. In the JGS forest,
UN25 and UN50 overestimated the inhibitory ef-
fects on total ANF rates (by 375.1% and 471.8%,
respectively) compared with CN25 and CN50,
while UN50 overestimated the inhibitory effects on
total ANF rates (by 34.9%) in the SMT forest
compared with CN50.

N Concentrations

Generally, the TN concentrations in each com-
partment were higher in the SMT forest than in the
JGS forest, although the differences were insignif-
icant (Table 1). In the JGS forest, UN25 and UN50
significantly increased the TN concentration in the
forest floor (by 49.9% and 42.7%, respectively;
Fi15 = 5.1, p = 0.009; ANOVA), while CN25 and
CN50 significantly increased the TN concentrations
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Table 1. Effects of N Addition on Total N Concentrations in Different Compartments in the Two Forests
Forest type Compartment Treatments
C CN25 CN50 UN25 UNS50

JGS Soil 2.01 &+ 0.25 1.92 £ 0.15 2.33 £0.19 2.36 =+ 0.28 2.95 + 0.74
Forest floor 14.90 &+ 1.45b 13.27 £ 2.12b 17.89 + 1.73ab 22.33 + 1.56a 21.26 + 1.78a
Moss 11.34 + 0.83¢  16.95 + 1.74ab  19.23 4+ 2.34a 13.62 + 1.52bc  12.73 £ 0.99bc
Leaf-1 13.54 + 1.43¢  19.64 + 1.99ab 20.48 + 2.38a 14.28 + 1.72bc  16.31 £ 1.59abc
Leaf-2 11.05 £+ 1.64 13.08 £+ 1.80 12.21 + 1.39 12.07 £ 1.95 11.29 £+ 1.69

SMT Soil 1.95 + 0.19 1.62 + 0.19 2.18 £ 0.28 2.16 =+ 0.30 2.28 + 0.27
Forest floor 18.61 + 1.85 19.55 + 2.64 18.88 + 0.73 23.27 + 3.02 2225 +2.74
Moss 12.71 £ 1.42 15.13 £ 2.93 13.74 £ 2.55 11.22 £ 1.32 13.19 £+ 1.47
Leaf-1 17.31 &+ 2.20 20.75 £+ 2.63 14.48 + 1.89 16.87 £+ 1.66 15.80 + 1.23
Leaf-2 16.03 &+ 2.35 1543 £+ 3.16 15.72 £ 1.91 13.50 + 2.41 13.65 + 2.55
Leaf-3 11.97 &£ 2.43 16.63 £+ 2.98 15.26 + 1.66 12.01 £ 2.36 12.52 4+ 2.35
Leaf-4 14.94 + 2.30 17.69 + 3.86 18.26 + 3.02 16.88 + 1.97 14.75 + 2.14

C: control; CN25: canopy N addition at 25 kg N ha=' y='; CN50: canopy N addition at 50 kg N ha~' y~'; UN25: understory N addition at 25 kg N ha~' y~'; UN50:

1

understory N addition at 50 kg N ha™" y~'; Leaf-1 and Leaf-2 in the JGS forest represent L. formosana and Q. variabilis, respectively; Leaf-1, Leaf-2, Leaf-3, and Leaf-4 in
the SMT forest represent C. chinensis, S. octophylla, E. dubius, and S. superba, respectively. Values are means + standard errors, with the unit of g/kg. Different letters
represent significant difference (p < 0.05) among the treatments (n = 4 for the JGS forest; n = 3 for the SMT forest).

in the mosses (by 49.5% and 69.6%, respectively;
F415 =4.2, p = 0.018) and canopy leaves of L. for-
mosana (by 45.0% and 51.3%, respectively;
F415 = 3.3, p = 0.040; Table S1). In the SMT forest,
neither understory nor canopy N addition changed
the TN concentrations in any of the compartments,
indicating that this forest may have been N satu-
rated.

The total DIN concentrations in the soil and
forest floor were significantly higher in the SMT
forest than in the JGS forest (t5 = 2.8 and 2.7,
respectively, p = 0.037 and 0.041, respectively; ¢
test; Table 2). In the JGS forest, UN25 and UNS50
significantly increased soil NH,* (by 106.6% and
159.6%, respectively; Fy 15 = 9.8, p < 0.001; AN-
OVA) and total DIN (by 64.2% and 105.8%,
respectively; Fy 15 = 6.9, p = 0.002) concentrations,
as well as the forest floor NO5;~ (by 120.8% and
79.4%, respectively; Fy,5 = 4.5, p = 0.014), NH,"
(by 71.5% and 97.9%, respectively; F,;s = 3.8,
p = 0.025), and total DIN (by 97.3% and 88.2%,
respectively; Fyq 15 = 5.6, p = 0.006; Table S2) con-
centrations. In the SMT forest, CN50, UN25, and
UN50 significantly increased the soil NH,* (by
84.3%, 73.0%, and 71.1%, respectively;
F410 = 3.5, p = 0.048) and total DIN (by 58.8%,
62.9%, and 58.4%, respectively; Fyi0= 3.6,
p = 0.047). concentrations CN50, UN25 and UN50
significantly increased the forest floor NO;~ (by
64.8%, 62.5%, and 64.3%, respectively;
Fy10 = 3.5, p=0.048), while CN25, UN25, and
UN50 significantly increased the forest floor NH,*
(by 102.6%, 136.8%, and 154.9%, respectively;

Fy10=5.1, p=0.017) and total DIN (by 73.7%,
96.4%, and 105.6%, respectively; Fqi0=4.2,
p = 0.029) concentrations in the SMT forest.

DiscussioN
Asymbiotic N Fixation in Control Plots

Inconsistent with our hypothesis (H1), we found
that total ANF rates were higher in the temperate
forest (2.57 £0.19 mgNm >d ') than in the
tropical forest (1.34 & 0.09 mg Nm 2d™') (Fig-
ure 1). Assuming that N fixation occurs and re-
mains constant during the growing season (April to
October), we estimated the total ANF rates to be 5.4
and 2.8 kg N ha™' y ! in the temperate and trop-
ical forests, respectively. This result is inconsistent
with a prior biome-scale estimate showing that
average ANF rates were higher in tropical forests
(3.3-7.8 kg N ha~! y!) than in temperate forests
(1.7kgNha'y™') (Reed and others 2011).
Compared with neotropical forests where N-fixing
trees are abundant (Gei and others 2018), many
tropical/subtropical natural forests in southern
China may lack N-fixing trees (for example, Zheng
and others 2017, 2018). Therefore, it is likely that
the patterns of total N fixation (symbiotic + asym-
biotic) in China may be inconsistent with an early
estimate showing that tropical forests had higher
rates of total N fixation (21.7-36.5 kg N ha™' y™')
than temperate forests (16.0 kg Nha 'y )
(Cleveland and others 1999).

Generally, high temperature and precipitation in
most tropical regions are thought to drive N fixa-
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tion (Houlton and others 2008; Reed and others
2011), but the low ANF rates observed in our
tropical forest (Figure 1) indicate that other factors
may affect N fixation more than temperature and
precipitation. One factor could be background N
deposition. Previous studies have revealed that in-
creases in N deposition (or fertilization) rates in-
hibit N fixation (DeLuca and others 2008; Cusack
and others 2009; Leppédnen and others 2013; Zheng
and others 2016). Spatially robust estimates have
shown that N fixation rates in tropical forest biomes
decreased by 80% over the past 15 years due to N
deposition (Sullivan and others 2014). China has
experienced rapid economic growth in recent dec-
ades, and agricultural and industrial activities have
dramatically increased the emission of reactive N
nationally, particularly in the southern regions (Liu
and others 2013). The SMT forest (located in
southern China) has experienced high N pollution
(~ 34 kg N ha~' y ), nearly twice that of the JGS
forest (~ 19 kg N ha~' y~'); thus, N fixation may
have been greatly inhibited. Another factor could
be related to the N demand. Compared to the JGS
forest, the SMT forest has become N saturated
possibly due to high N deposition, as evidenced by a
lack of response of soil and plant N concentrations
to N addition (Table 1). This finding suggests that
the availability of N has satisfied plant and micro-
bial demand in the SMT forest and thus, plants and
microbes may reduce dependence on the energy-
intensive pathway of N fixation.

Additionally, we cannot rule out other environ-
mental (for example, organic matter, phosphorus,
molybdenum, and pH) and biotic (for example,
abundance of N-fixing microbes) factors that may
also contribute to the differences observed in N
fixation between the forests (Figure 1). Therefore,
more studies of forest N fixation and its controlling
factors are needed in the future, as this information
is important for improving estimates of terrestrial N
fixation (Cleveland and others 1999; Reed and
others 2011).

Responses of Asymbiotic N Fixation to N
Addition in Tropical Versus Temperate
Forests

Consistent with our hypothesis (H2), we found that
N addition reduced total ANF rates by 36-42% in
the JGS forest but reduced the rates by only 19% in
the SMT forest (Figure 1). This finding indicates
that ANF was less sensitive to N addition in the
tropical forest than in the temperate forest. Simi-
larly, previous studies in temperate forests showed
that N addition significantly reduced ANF rates by

56-97% (Hallbom and Bergman 1979; Nohrstedt
1988; Perakis and others 2017). In contrast, N
addition reduced ANF rates by 19-79% in tropical
forests (Vitousek and Hobbie 2000; Barron and
others 2008; Cusack and others 2009; Matson and
others 2015) and did not affect ANF in some old-
growth tropical forests in Hawaii (Crews and others
2000) and Costa Rica (Reed and others 2007).

The mechanisms underlying the less ANF sensi-
tivities to N addition in tropical forests than in
temperate forests are currently unclear. We spec-
ulated that N fixers may have adapted to N richness
in tropical forests. Compared to temperate forests,
many tropical forests are relatively rich in N (for
example, Fang and others 2008; Hedin and others
2009; and Tables 1, 2). The N richness results in a
low rate of background N fixation and thus limits N
fixation in response to additional N, as evidenced
by a negative relationship between soil N avail-
ability and the absolute declines in N fixation fol-
lowing N addition revealed by a previous study
(p < 0.01; Perakis and others 2017). Additional
evidence is derived from a recent study showing
that long-term N deposition and fertilization had
minor effects on total ANF rates in a N-saturated
tropical forest (Zheng and others 2018). Similarly,
ANF had almost no response to N addition in the
SMT forest (Figure 1) with high N availability
(Table 2). Given the possible adaption of N fixers to
high N environments, N fixers remain active and
show less response to further N inputs (Zheng and
others 2018). This mechanism exerts positive
feedback on ecosystem N richness and may help us
understand a long-term N paradoxical phe-
nomenon—many tropical forests sustain N accu-
mulation regardless of soil N richness (Hedin and
others 2009).

Changes in Asymbiotic N Fixation
Comparing Understory Versus Canopy N
Addition

Compared with canopy N addition, understory N
addition overestimated the inhibitory effects on N
fixation in the soil and forest floor but underesti-
mated those in mosses and canopy leaves, which
supports our hypothesis (H3). This phenomenon
was severe in the JGS forest (overestimated by
200-880% for the soil and forest floor and under-
estimated by 77-170% for the mosses and canopy
leaves) but slight in the SMT forest (overestimated
by 41-76% for the soil).

Several mechanisms account for the above
observation. First, the capacities of canopy N
retention (absorption) were different between the
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forests. Compared to temperate forests, many
tropical rainforests are rich in N and show large
losses of DIN (Hedin and others 2009), indicating a
lack of N limitation in these tropical forests
(Brookshire and others 2012). In our study, the
JGS forest was limited by N and thus retained more
added N than the SMT forest because canopy N
(NH4NO3) addition increased the soil and forest
floor DIN in the SMT forest but not in the JGS
forest (Table 2 and S2). The retained DIN was ab-
sorbed by leaves and epiphytic mosses in the JGS
forest, as evidenced by a significant increase in fo-
liar and moss TN concentrations following canopy
N addition (Table 1 and S1). Similarly, previous
studies have also found a significant retention of
deposited DIN by plants in temperate forests (Gil-
liam and others 1996, 2016; Gaige and others 2007;
Dail and others 2009) but no or slight N retention
in tropical forests (Fang and others 2008; Umana
and Wanek 2010). Second, high precipitation may
lead to canopy N leaching. The SMT forest has
higher annual rainfall (2364 mm) than the JGS
forest (1119 mm); rainfall may remove the added N
from the canopy and drop it into the understory
layers in the SMT forest. Third, we currently cannot
judge whether the differences in tree species and
leaf physiological structure (for example, drip tips,
waxes, and roughness) between the SMT and JGS
forests may contribute to the observed differences
in ANF responses. However, the higher tree den-
sity, leaf area index (see the Method section),
standing stock of canopy leaves (Table S3), and
coverage of tree layers (Table S6) in the SMT forest
seem not to help retain the added N (Table 1); in-
stead, the lower representation of the shrub and
herb layers (Table S6) in the SMT forest than in the
JGS forest may explain the lack of N retention in
the former (Table 1), which deserves further re-
search.

CONCLUSIONS

To our knowledge, this study was the first to
evaluate the effects of N deposition on asymbiotic N
fixation in a tropical and a temperate forest using
both understory and canopy N addition ap-
proaches. The ANF rates were lower in the tropical
forest than in the temperate forest mainly because
of the high background N deposition rates and the
low N demand in the tropical forest. ANF was less
sensitive to N addition in the tropical forest than in
the temperate forest; a potential mechanism for this
phenomenon is that N fixers in N-rich tropical
forests may have adapted to N richness, which
limits their responses to additional N. Compared

with canopy N addition, understory N addition
overestimated the inhibitory effects of N deposition
on total ANF rates slightly in the tropical forest (by
35%) but severely in the temperate forest (by 375—
472%). Mechanisms for this phenomenon are that
the tropical forest has a weak canopy retention
(absorption) of added N and that high precipitation
may remove the added N from the canopy and drop
it into the understory layers. Overall, our findings
reveal the differences in ANF and in its sensitivities
to N inputs between tropical and temperate forests,
which are important for our understanding of N
fixation in different climatic regions. More impor-
tantly, our findings indicate that understory N
addition may have overestimated the N deposition
effects on ANF in forests, which may lead to an
inaccurate estimate of terrestrial N fixation and N
cycles under N deposition scenarios.
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