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• A novel field N manipulation experi-
ment with both UAN and CAN was
established.

• N addition reduced pH, BS and Ca and
increased Al at temperate forest.

• N addition reduced biomasses of most
soil microbial groups at subtropical
forest.

• Effects of CAN on forest soils were not
significantly different from that of UAN.

• No interactions between N treatment
approach and study site or N addition
rate.
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Anthropogenic N deposition has beenwell documented to cause substantial impacts on the chemical and biolog-
ical properties of forest soils. In most studies, however, atmospheric N deposition has been simulated by directly
adding N to the forest floor. Such studies thus ignored the potentially significant effect of some key processes oc-
curring in forest canopy (i.e., nitrogen retention) andmay therefore have incorrectly assessed the effects of N de-
position on soils. Here, we conducted an experiment that included both understory addition of N (UAN) and
canopy addition of N (CAN) in two contrasting forests (temperate deciduous forest vs. subtropical evergreen for-
est). The goal was to determine whether the effects on soil exchangeable cations and microbial biomass differed
between CAN and UAN.We found that N addition reduced pH, BS (base saturation) and exchangeable Ca and in-
creased exchangeable Al significantly only at the temperate JGS site, and reduced the biomass of most soil micro-
bial groups only at the subtropical SMT site. Except for soil exchangeable Mn, however, effects on soil chemical
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properties and soil microbial community did not significantly differ between CAN and UAN. Although biotic and
abiotic soil characteristics differ significantly and the responses of both soil exchangeable cations and microbial
biomass were different between the two study sites, we found no significant interactive effects between study
site and N treatment approach on almost all soil properties involved in this study. In addition, N addition rate
(25 vs. 50 kg N ha−1 yr−1) did not show different effects on soil properties under both N addition approaches.
These findings did not support previous prediction which expected that, by bypassing canopy effects
(i.e., canopy retention and foliage fertilization), understory addition of N would overestimate the effects of N de-
position on forest soil properties, at least for short time scale.

© 2016 Elsevier B.V. All rights reserved.
Soil microbial community
Soil exchangeable cations
1. Introduction

There is a growing consensus that increased atmospheric nitrogen
(N) deposition due to human activities has emerged as onemost serious
global change problem (Vitousek et al., 1997; Galloway et al., 2008;
Schlesinger, 2009; Pardo et al., 2011; Penuelas et al., 2013). At the global
scale, the average rate of atmospheric N deposition has recently been
estimated to be 105 Tg N yr−1 (Galloway et al., 2008), and this rate is
predicted to continually increase in the future (Dentener et al., 2006;
Stocker et al., 2013). Furthermore, N deposition is especially serious in
some “hot spots” such as central and southeastern China (Liu et al.,
2013; Jia et al., 2014). Enhanced N deposition has been well document-
ed to cause a series of detrimental effects, such as decline in plant diver-
sity (Bobbink et al., 2010) and soil acidification (Tian and Niu, 2015), on
terrestrial ecosystems.

Nitrogen deposition exerts profound effects on soil abiotic proper-
ties (Lucas et al., 2011; Tian and Niu, 2015) and biotic properties (Frey
et al., 2004; Treseder, 2008). Many studies have indicated that soil
chemical processes, such as soil acidification, are sensitive to N deposi-
tion (Gundersen and Rasmussen, 1990; Högberg et al., 2006; Lieb
et al., 2011; Lucas et al., 2011; Lu et al., 2014; Tian andNiu, 2015). An ex-
cessive input of N to soils often significantly changes soil exchangeable
cations and their exchange capacity (Bowman et al., 2008; Gundersen
et al., 2006; Lucas et al., 2011); high N input, for example, gradually de-
pletes nutrient base cations (i.e., Ca2+, Mg2+, K+, and Na+) and causes
toxic metal ions (i.e., Al3+, Fe3+, and Mn2+) to accumulate in soils
(Lucas et al., 2011). These N-induced negative effects on soil chemical
processes are an important threat to ecosystem functioning, such as de-
creasing soil buffering capacity, decline of plant productivity (Stevens
et al., 2010; Chen et al., 2013), and inhibition of soil biological processes
(Kuperman and Edwards, 1997). In addition, N deposition also has a sig-
nificant effect on soil microbial biomass and community structure (Frey
et al., 2004; Waldrop et al., 2004). At global scale, a meta-analysis
showed that anthropogenic N additions have been estimated to induce
a reduction of soil microbial biomass by 15% (Treseder, 2008).

Our current understanding of how and the extent to which N depo-
sition affects forest soil chemical properties andmicrobial communities,
however, is largely derived from field experiments with understory ad-
dition of N (UAN;N is directly added to the forestfloor). Apparently, for-
est canopy processes have been overlooked in most field N
manipulation experiments. In fact, most N deposited from the atmo-
sphere does not reach the forest floor directly but instead first contacts
and passes through the canopy layer (Gaige et al., 2007;Wortman et al.,
2012; Zhang et al., 2015). In this process, the forest canopy can retain a
substantial proportion of the deposited N (Gaige et al., 2007) which
could be taken up by canopy tree leaves and/or transformed into
other forms (Adriaenssens et al., 2012), thus changing the quality and
quantity of N deposited onto forest soils (Houle et al., 2015). A recent
study suggested that, in failing to consider the effect of the forest cano-
py, previous N addition experiments may have overestimated the ef-
fects of N deposition on forest soils and related processes, and pose a
great challenge for understanding the patterns and dynamics of forest
ecosystems under N deposition in the future (Zhang et al., 2015).
However, no experimental studies have yet been performed to assess
whether the effects of N deposition on forest soils differ depending on
whether N is directly added to the forest floor or is added above the for-
est canopy.

In the present study, we conducted a field experiment that included
both understory addition of N (UAN) and canopy addition of N (CAN)
treatments in two contrasting forests (a temperate deciduous forest
and a subtropical evergreen forest) in central and southern China
(Zhang et al., 2015). The objective of this study was to determine if
these two approaches of N addition (CANvs. UAN) have different effects
on forest soil abiotic (exchangeable cations) and biotic (microbial bio-
mass) properties. As previous studies demonstrated, ecosystem back-
ground and the level of N addition often influence the responses of
soil properties to N deposition (Treseder, 2008; Lu et al., 2011; Tian
and Niu, 2015). Therefore, we also examine if forest type and N addition
rate would alter the effects of N treatment approach (CAN vs. UAN).We
hypothesized that the effects on both soil exchangeable cations andmi-
crobial biomass areweaker for CAN than for UAN, as predicted by Zhang
et al. (2015). We also hypothesized that the effects of N treatment ap-
proach (CAN vs. UAN) would be affected by both forest type and N ad-
dition rate.

2. Materials and methods

2.1. Study sites

The experiment was conducted in two contrasting forest sites both
located in climate transitional zones: the Jigongshan (JGS) site and the
Shimentai (SMT) site. The JGS sitewas located in the JigongshanNation-
al Nature Reserve (31°46′–31°52′ N, 114°01′–114°06′ E), Henan Prov-
ince, Central China, which is in a climate transitional zone from
subtropical to warm temperate. The mean annual temperature at the
JGS Reserve is 15.2 °C, and the mean annual rainfall is 1119 mm. The
background rate ofNdeposition in precipitation is about 19.6 kgNha−1-

yr−1 in this region (Zhang et al., 2015). The dominant vegetation at the
JGS sitewas a deciduous temperate forest, whichwas 45 years old at the
time of the study. The dominant canopy tree species at the JGS site were
Quercus acutissima Carruth., Quercus variabilis Bl., and Liquidambar
formosana Hance. The region has a yellow-brown sandy-loam soil
(Zhang et al., 2015).

The SMT study site was in the Shimentai National Nature Reserve
(24°22′–24°31′ N, 113°05′–113°31′ E), Guangdong Province, southern
China, which is dominated by a subtropicalmonsoon climatewith alter-
nating wet and dry seasons. The mean annual temperature is 20.8 °C,
and the mean annual rainfall is 1700 mm. The rate of N deposition in
precipitation is about 34.1 kg N ha−1 yr−1 (Zhang et al., 2015), with
equal quantities of oxidized and reduced forms of N (Fang et al., 2011;
Huang et al., 2012). The dominant vegetation at the SMT site was a
broadleaved evergreen forest, which was 50 years old at the time of
the study. The dominant canopy tree species at the SMT site were
Cryptocarya concinna, Schima superba, Machilus chinensis, Castanea
henryi (Skan) Rehd., and Engelhardtia roxburghiana (Zhang et al.,
2015). The site has a latosolic red clay-loam soil (Zhang et al., 2015).
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2.2. Experimental design

At both study sites, N was added in two approaches: canopy addi-
tion of N (CAN) and understory addition of N (UAN). CAN was de-
signed to realistically simulate atmospheric N deposition in forest
ecosystems. UAN represents the conventional method of N addition
that has been used in most N deposition experiments over the past
two decades. The same five treatments were used at each site: 1) CAN
at 25 kg N ha−1 yr−1 (CAN25); 2) CAN at 50 kg N ha−1 yr−1

(CAN50); 3) UAN at 25 kg N ha−1 yr−1 (UAN25); 4) UAN at
50 kg N ha−1 yr−1 (UAN50); and 5) a control (CK, without N addition).
At each site, the five treatments were randomly assigned to five plots in
each of four blocks in a completely randomized block design. Each plot
was circular and had an area of 907 m2.

N was added to each treated plot as NH4NO3 solutions of targeted
concentrations. For each treatment except the control, the amount of
NO3

−-N used in the NH4NO3 solution was equal to the amount of
NH4

+-N. For each application of N, the NH4NO3 solution was added in
a volume equivalent to 3 mm of precipitation. Treatments were applied
monthly from April to October (seven times in 1 year), and treatment
dates corresponded to the phenology of the JGS forest, i.e., thefirst treat-
ment was applied 1 week before all buds had opened (mid-April), and
the last was applied as leaf litter began to fall (mid-October). The total
solution applied per year to each plot was equivalent to 21 mm of pre-
cipitation, which was b1–2% of the total annual precipitation at JGS or
SMT, respectively. Therefore, the confounding effect caused by water
addition was negligible.

UAN treatments were applied with an automatic irrigation system
that sprinkled the N solutions onto the forest floor from a height of
1.5 m. CAN treatments were applied with a forest canopy spraying sys-
tem built in the center of the corresponding plots. The working princi-
ples and validity of the CAN system were described in detail by Zhang
et al. (2015). Briefly, the N solutions were pumped to a height of 35 m
(whichwas about 5m above the forest canopy) in PVC pipes (10 cm di-
ameter) that were attached to a 35-m high supporting tower. The N so-
lutions were evenly sprayed onto the canopies by two crane sprinklers
that could freely turn 360°. Sprays were applied in the morning or eve-
ning on days with minimal sunshine and when the wind speed was
b1 m/s. The first treatment event was performed in the middle of
April 2013 at both study sites.

2.3. Field soil sampling and laboratory analysis

Soil samples from each plot at both sites were collected in October
2013 (after the 7th treatment) and in August 2014 (after the 11th treat-
ment). Each plot was evenly divided into four quadrants and two soil
samples (0–10 cm depth) were randomly taken with a soil core
(3 cm × 10 cm) from each quadrant. The eight soil cores from each
plot were thoroughly mixed and combined into one composite sample.
The fresh soil samples were passed through a 2-mm sieve immediately
after sampling. One subsample was freeze-dried for extraction of soil
microbial phospholipid fatty acids (PLFAs). The remaining soil samples
were air-dried for soil chemical analysis.

Soil pH was measured in a soil/deionized water suspension (1:2.5)
using a pH meter (Mettler Toledo, Shanghai, China). Soil exchangeable
cations were measured using the methods described by Hendershot
et al. (2007) and Bowman et al. (2008). The air-dried soil samples
were extracted in 0.1 M BaCl2 solutions, and concentrations of ex-
changeable Ca, Mg, K, Na, Al, Fe, and Mn ions in extracts were deter-
mined with an inductively coupled plasma optical emission
spectrometer (ICP-OES, Perkin Elmer, Waltham, MA, USA).

The soil microbial community was investigated using PLFA analysis
as described by Bossio and Scow (1998). The lipids in each freeze-
dried soil sample were extracted in a single-phase mixture of
chloroform:methanol:phosphate buffer (1:2:0.8 by vol.; pH 7.4), and
the extracts were analysed with a gas chromatograph equipped with a
flame-ionisation detector (Agilent 6890, Agilent Technologies, Palo
Alto, CA, USA). The abundance of individual PLFAs was expressed as
nmol PLFAs g−1 dry soil (nmol g−1), and the sum of all individual
PLFAs was used as a measure of viable total microbial biomass (TB)
(Frostegård and Bååth, 1996). Different groups of soil microorganisms
were indicated by specific PLFA markers. Gram-positive bacteria (G+)
were indicated by the branched and saturated PLFAs i-15:0, a-15:0, i-
16:0, i-17:0, and a-17:0. Gram-negative bacteria (G−) were indicated
by the monounsaturated and cyclopropyl PLFAs 16:1Ω7c, 18:1Ω7c,
cy17:0, and cy19:0 (Frostegård and Bååth, 1996; Zogg et al., 1997;
Bossio and Scow, 1998; Zelles, 1999; Cusack et al., 2011; Fanin et al.,
2013). Saprotrophic fungi (F) were indicated by the PLFAs 18:1Ω9 and
18:2Ω6 (Frostegård and Bååth, 1996; Cusack et al., 2011; Fanin et al.,
2013), whereas the fatty acid 16:1Ω5 was used as an indicator of
arbuscular mycorrhizal fungi (AM) (Nordby et al., 1981; Olsson, 1999;
van Diepen et al., 2010; Cusack et al., 2011). The methyl (Me) branched
fatty acids 16:0 10Me and 18:0 10Me were used as indicators of actino-
mycetes (A) (vanDiepen et al., 2010; Cusack et al., 2011). Two structur-
al parameters were used as indicators of general soil microbial
community structure: G+:G− biomass ratio and F:B biomass ratio
(where B presents bacteria, here equals to G+ plus G−) (Frostegård
and Bååth, 1996; Cusack et al., 2011; Fanin et al., 2013).

2.4. Data analyses

Soil cation exchange capacity (CEC) was calculated as the sum of the
sevenmeasured exchangeable cations (Ca, Mg, K, Na, Al, Fe, andMn) on
an equivalent basis (mmol (+) kg−1 dry soil). Soil base saturation (BS,
%)was calculated as that percentage of the CEC represented by base cat-
ions (Ca, Mg, K, and Na). The seven exchangeable cations were
expressed as the percentage of the CEC represented by each of the
seven exchangeable cations (%). Prior to statistical analyses, all data
were tested for normality using the Shapiro-Wilk test and for homosce-
dasticity using the Levene test. We used repeated measures analysis of
variance (ANOVA) to test for the effects of N treatment type (CAN vs.
UAN), N addition rate, study site, sampling time, and their interactions
on soil pH, CEC, BS, exchangeable cations, and soilmicrobial parameters.
For each study site, the effect of treatments on soil CEC, BS, exchange-
able cations, and soil microbial parameters was assessed using one-
way ANOVA, and multiple comparisons were conducted with a post
hoc TukeyHSD test. If there were no effects of N addition rate and treat-
ment type, t-tests were used to determine the differences in soil pH,
CEC, BS, exchangeable cations, and soil microbial parameters between
the control and N addition treatments (all four treatments with N addi-
tion were considered together) for each study site. Differences were
considered significant at the 0.05 level. All statistical analyses were per-
formed with SPSS 18.0.

3. Results

3.1. Effects of canopy vs. understory N additions on soil pH, CEC, BS, and ex-
changeable cations

The two study sites (JGS and SMT) differed significantly in their soil
buffering systems (Table 1; Fig. 1A, C–F, H–J) except for the soil CEC and
exchangeable Na (Table 1; Fig. 1B, G). At the SMT forest, the soil had a
pH of 3.55 (Fig. 1A), exchangeable Al3+ accounted for 93% of the CEC
(Fig. 1H), and the base cations (especially Ca2+ andMg2+)were largely
depleted (Fig. 1C–F). At the JGS forest, the soil had a pHof 4.40 (Fig. 1A);
base cations represented N60% of the exchangeable cations (Fig. 1C);
and exchangeable Ca2+ alone accounted for 51% of the CEC (Fig. 1D);
in addition, exchangeable Al3+ accounted for 34% of the CEC at the
JGS forest (Fig. 1H).

The repeated-measures ANOVA showed that N treatment approach
(CAN vs. UAN) significantly affected soil exchangeable Mn (Table 1;
Fig. 1J) but did not affect soil pH, CEC, BS, and other exchangeable



Table 1
Effects of N treatment approach (CAN vs. UAN), N addition rate (25 vs. 50 kg N ha−1 yr−1), study site (JGS vs. SMT), sampling time (year 2013 and 2014), and two way interactions be-
tween N treatment approach and N addition rate, study site, and sampling time on soil pH, ECE, BS, and exchangeable cations.

Variable NTP NDR Site Time NTP × NDR NTP × site NTP × time

F P F P F P F P F P F P F P

pH 0.01 0.94 0.52 0.48 239.20 b0.001 164.29 b0.001 0.16 0.70 0.57 0.47 2.43 0.10
CEC 0.01 0.91 0.05 0.82 0.00 0.98 120.21 b0.001 0.96 0.34 0.03 0.97 1.63 0.21
BS 0.16 0.70 2.18 0.15 441.05 b0.001 2.31 0.14 0.59 0.45 0.54 0.44 0.07 0.79
Ca 0.29 0.60 2.61 0.12 342.92 b0.001 1.27 0.27 0.17 0.68 3.14 0.06 0.29 0.60
Mg 0.27 0.61 0.03 0.86 461.60 b0.001 0.22 0.64 1.54 0.22 1.77 0.19 1.17 0.29
K 0.56 0.46 0.06 0.81 47.48 b0.001 8.34 0.01 0.75 0.39 1.30 0.29 2.74 0.10
Na 0.04 0.84 0.59 0.45 0.20 0.65 30.91 b0.001 6.11 0.002 1.69 0.20 0.15 0.70
Al 0.08 0.78 2.09 0.16 457.72 b0.001 0.03 0.86 0.76 0.39 0.66 0.42 0.06 0.80
Fe 0.66 0.42 5.86 0.03 185.84 b0.001 280.33 b0.001 0.37 0.55 0.41 0.67 1.18 0.29
Mn 4.70 0.04 0.79 0.38 360.34 b0.001 99.47 b0.001 2.81 0.10 3.92 0.03 0.08 0.78

NTP, N treatment approach; NDR, N addition rate; Site, study site; Time, sampling time; NTP × NDR, interactions between N treatment approach and N addition rate; NTP × Site, interac-
tions between N treatment approach and study site; NTP × Time, interactions between N treatment approach and sampling time; CEC, cation exchange capacity; BS, base saturation.
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cations (Table 1; Fig. 1A–I). The interactive effects between N treatment
approach (CAN vs. UAN) and site were also only significant for soil ex-
changeable Mn (Table 1). N addition rate did not significantly affect
soil pH, CEC, BS, and exchangeable cations except for exchangeable Fe
(Table 1); and the interactions between N treatment approach (CAN
vs. UAN) and N addition rate were only significant for soil exchangeable
Na (Table 1). Sampling time significantly affected soil pH, CEC, ex-
changeable K, Na, Fe, and Mn, but the interaction between N treatment
approach (CAN vs. UAN) and sampling time was not significant for all
these soil properties (Table 1).

Based on one-way ANOVA, low rates of N addition (CAN25 and
UAN25) significantly decreased base saturation (BS) and exchangeable
Ca2+ (Fig. 1C, D), and significantly increased exchangeable Al3+

(Fig. 1H) at the JGS site. In addition, N addition (pooling of all treatments
with N addition) also significantly decreased soil pH (t-test, P= 0.007;
Fig. 1A) at the JGS site. However, soil pH, BS, CEC, and all the exchange-
able cations at the SMT sitewere not affected by any of N addition treat-
ments (CAN or UAN at 25 and 50 kg N ha−1 yr−1).

3.2. Effects of canopy vs. understory N additions on soil microbial
community

Soil microbial biomasses (total and five major groups) were always
higher at the SMT forest site than at the JGS forest site (Fig. 2A, D–I),
but the F:B biomass ratio andG+:G− ratio did not significantly differ be-
tween the two study sites (Table 1). The repeated-measures ANOVA
showed that totalmicrobial biomass, the biomasses of fivemajormicro-
bial groups, and microbial structure parameters such as F:B biomass
ratio and G+:G− biomass ratio were not significantly affected by N
treatment approach (CAN vs. UAN) (Table 2; Fig. 2A–H). Sampling
time significantly affected all soil microbial properties except for the
F:B biomass ratio (Table 2). There were no significant interactions be-
tween N treatment approach (CAN vs. UAN) and N addition rate,
study site, and sampling time for any of the soil microbial properties
(Table 2). Relative to the control treatment, N addition (pooling of all
treatments with N addition) significantly decreased the biomasses of
soil Gram-negative bacteria (t-test, P = 0.047; Fig. 2E), fungi (t-test,
P = 0.047; Fig. 2F), and AM fungi (t-test, P = 0.028; Fig. 2G) at the
SMT forest site. However, N addition did not affect the soil microbial
biomass at the JGS forest site.

4. Discussion

In the present study, we determined whether the changes in forest
soil exchangeable cations and microbial biomass caused by N addition
differed when N was added to the canopy (in the CAN treatment) vs.
to the forest floor (in the UAN treatment). N addition was found to re-
duce pH, BS and exchangeable Ca and to increase exchangeable Al sig-
nificantly at the JGS site, but it reduced the biomasses of most groups
of the soil microbial community at the SMT site. Contrary to our initial
hypothesis and to the suggestion of Zhang et al. (2015), CAN and UAN
treatments had similar effects on all soil chemical properties and soil
microbial properties except for exchangeable Mn.

The observed consistent effects of CAN and UAN treatments on soil
properties in the present studymay have several explanations. Theoret-
ically, the most direct explanation would be that little or no N was
retained by the forest canopy and that the quantity of N entering the
soil was therefore similar for CAN and UAN treatments. We find this ex-
planation to be unsatisfactory because the agents that are likely tomove
N through the canopy to the soil, i.e., rain andwind, were absent during
the experiment. More importantly, recent studies have clearly shown
that the canopies of several kinds of forests retain a substantial portion
of the deposited atmospheric N (Gaige et al., 2007;Dail et al., 2009; Fenn
et al., 2013; Houle et al., 2015) through N adsorption and uptake by tree
leaves, branches, twigs, and associated lichens and bryophytes (Sparks,
2009; Adriaenssens et al., 2012; Eichert and Fernández, 2012). Another
possible explanation for the lack of difference between the CAN and
UAN treatments in our study may be that the N retention capacities of
the forest canopies were saturated because of the high background
rate of N deposition at both study sites (19.6 kg N ha−1 yr−1 at the
JGS site and 34.1 kg N ha−1 yr−1 at the SMT site). With saturation of
the canopy's capacity to retain N, the experimentally added N would
not be adsorbed by the canopy and would pass through the canopy to
the forestfloor. However, we have nodirect evidence to support this ex-
planation for our results.

Yet another possible explanation for the similar effects of the CAN
and UAN treatments is that even though the quantity of N reaching
the soil may have been significantly reduced by the CAN treatment,
the soil properties at both study sites may have been relatively insensi-
tive to differences in N input because past, natural inputs had been high
enough. Both study sites are located in “hot spots” of N deposition in
China (Liu et al., 2013; Zhu et al., 2015). With very high background
rates of N deposition and the quantities of N we experimentally
added, perhaps the effects of N on soil parameters had already reached
a plateau (i.e., b25 kg N ha−1 yr−1) at both sites, such that the response
to the CAN and UAN treatments would be relatively similar. This expla-
nation is consistent with another finding in our study, which was that
the responses of almost all soil properties to two rates of N addition
(25 and 50 kg N ha−1 yr−1) did not significantly differ at either site.

A final possible explanation for the consistent effects of CAN and
UAN treatmentsmay be the relatively short duration of our experiment.
We expected CAN and UAN treatments to have different effects on soil
properties in part because of -the foliage fertilization induced by addi-
tion of N to the canopy. Such foliage fertilization can alter the physiology
of the canopy plants (Sparks, 2009; Adriaenssens et al., 2012; Eichert
and Fernández, 2012) and thereby change the quality of resources
(i.e., the C:N ratio of litter and root exudes) that ultimately enter the
soil (Bardgett and Wardle, 2010; Wortman et al., 2012). This effect of



Fig. 1. Soil pH (A), cation exchange capacity (CEC) (B), base saturation (BS) (C), and percentage of CEC accounted for by seven cations (%, on an equivalent basis) (D–J) at 0–10 cmdepth as
affected by five N deposition treatments at Jigongshan (JGS) and Shimentai (SMT) forest sites in China. Values are means ± standard error (SE), n = 8. Within each group of five bars,
values with different letters are significantly different (P b 0.05). CK, control and without N addition; CAN25, canopy addition of N with 25 kg N ha−1 yr−1; UAN25, understory addition
of N with 25 kg N ha−1 yr−1; CAN50, canopy addition of N with 50 kg N ha−1 yr−1; UAN50, understory addition of N with 50 kg N ha−1 yr−1.
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foliar fertilization, however, requires time (Bardgett andWardle, 2010),
perhaps more time than the 2 years of our experiment. Therefore, it is
hard to distinguish the CAN and UAN effects on forest soils at relatively
short time scales.

The two experimental sites in our study differed greatly in their ex-
changeable cation composition andmicrobial biomass because of differ-
ences in climate, vegetation, and soil (Zhang et al., 2015). The SMT
experimental site, which was located in a humid subtropical forest,
had a very low soil pH (3.6), very low soil BS (5.9%), and mostly ex-
changeable Al3+ in its soil cation pool (93%). These characteristics are
common in tropical and subtropical humid forests worldwide (Vogt
et al., 2006; Brady and Weil, 2010; Quesada et al., 2010; Lu et al.,
2014) because high rainfall and temperature favor the rapid dissolution
and leaching of easily weatherable base cations and the subsequent re-
lease of and dominance by Al3+ in the soil (von Uexkull and Mutert,
1995; Quesada et al., 2010). In the soil of the JGS experimental site



Fig. 2. Responses of soil microbial biomass and community structure to N deposition treatments at 0–10 cm soil depth at Jigongshan (JGS) and Shimentai (SMT) sites in China. Values are
means± standard error (SE), n = 8. TB, total microbial biomass; F:B, ratio of fungal to bacterial biomass; G+, biomass of Gram-positive bacteria; G−, biomass of Gram-negative bacteria;
G+:G−, ratio of Gram-positive to Gram-negative bacterial biomass; F, biomass of saprotrophic fungi; AM, biomass of arbuscularmycorrhizal fungi; A, biomass of actinomycetes; CK, control
andwithout N addition; CAN25, canopy addition of Nwith 25 kg N ha−1 yr−1; UAN25, understory addition of Nwith 25 kg N ha−1 yr−1; CAN50, canopy addition of Nwith 50 kg N ha−1-

yr−1; UAN50, understory addition of N with 50 kg N ha−1 yr−1.

Table 2
Effects of N treatment approach (CAN vs. UAN), N addition rate (25 vs. 50 kg N ha−1 yr−1), study site (JGS vs. SMT), sampling time (year 2013 and 2014), and two way interactions be-
tween N treatment approach and N addition rate, study site, and sampling time on soil microbial biomasses and community structure parameters.

Variable NTP NDR Site Time NTP × NDR NTP × Site NTP × Time

F P F P F P F P F P F P F P

TB 1.55 0.22 0.03 0.86 28.10 b0.001 58.96 b0.001 0.24 0.63 2.75 0.08 0.02 0.88
G+ 2.15 0.15 0.00 0.99 32.06 b0.001 65.17 b0.001 0.33 0.57 3.16 0.06 0.04 0.83
G− 1.02 0.32 0.03 0.87 28.99 b0.001 44.66 b0.001 0.16 0.69 2.09 0.14 0.05 0.83
A 0.24 0.63 0.39 0.54 26.97 b0.001 44.34 b0.001 0.02 0.89 2.30 0.12 0.01 0.94
F 1.08 0.31 0.02 0.90 21.71 b0.001 50.50 b0.001 0.63 0.43 2.19 0.13 0.01 0.93
AM 0.38 0.54 0.74 0.40 17.14 b0.001 47.04 b0.001 0.16 0.69 1.86 0.17 0.35 0.56
F:B 0.00 0.96 0.05 0.83 0.00 0.96 0.52 0.48 0.24 0.63 0.00 1.00 1.22 0.28
G+:G− 2.06 0.16 0.28 0.60 1.25 0.27 21.27 b0.001 0.93 0.34 1.66 0.21 0.54 0.47

NTP, N treatment approach; NDR, N addition rate; Site, study site; Time, sampling time; NTP × NDR, interactions between N treatment approach and N addition rate; NTP × Site, interac-
tions between N treatment approach and study site; NTP × Time, interactions between N treatment approach and sampling time; TB, total microbial biomass; F:B, ratio of fungal to bac-
terial biomass; G+, biomass of Gram-positive bacteria; G−, biomass of Gram-negative bacteria; G+:G−, ratio of Gram-positive to Gram-negative bacterial biomass; F, biomass of
saprotrophic fungi; AM, biomass of arbuscular mycorrhizal fungi; A, biomass of actinomycetes.
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(located in a deciduous forest in a transitional zone between a warm
temperate and subtropical climate), however, both exchangeable base
cations (especially Ca2+) and Al3+ were abundant. According to soil
acidification theory (van Breemen et al., 1983), the soil at the JGS forest
site, which had a pH of 4.4, was in a buffering transitional state, i.e., it
was changing from being buffered by base cations to being buffered
by Al3+. In addition, soil microbial biomass was significantly higher at
the SMT site than at the JGS site, possibly because of the high primary
productivity and favorable environmental conditions in the subtropical
forest (Zhang et al., 2015) because both resource availability and site
conditions can greatly affect microbial growth (Bardgett, 2005). For ex-
ample, microbial growth could be stimulated by the relatively high soil
organic matter (SOM) in subtropical forests because SOM is an essential
source of energy, carbon, and nutrients for soil microorganisms
(Coleman et al., 2004).

Many previous studies have indicated that ecosystem background
affects the responses of soil properties to N deposition (Janssens et al.,
2010; Lucas et al., 2011; Lu et al., 2014). In accordance with these stud-
ies, we found that both the soil exchangeable cations andmicrobial bio-
mass showed contrasting responses to N deposition between the two
study sites. For soil exchangeable cations, experimental N deposition
significantly decreased soil base saturation and exchangeable Ca2+

and markedly increased the exchangeable Al3+ at the JGS forest site,
but N addition did not significantly affect any soil exchangeable cations
at the SMT forest site. The different response of soil exchangeable cat-
ions to N deposition at the two study sites may be attributed to the dif-
ferences in the dominant cations in these soils. Because nutrient base
cations (especially exchangeable Ca2+) with high mobility are highly
sensitive to N induced acidification (Tomlinson, 2003; Gundersen
et al., 2006; Boxman et al., 2008; Gruba and Mulder, 2008; Lucas et al.,
2011; Perakis et al., 2013) and are easily depleted (Gundersen and
Rasmussen, 1990; Chadwick and Chorover, 2001; Tian and Niu, 2015),
the base cations dominating JGS soil were sensitive to N deposition. As
a result, experimental N inputs at the JGS site greatly accelerated the
shift from soil buffering by base cations to buffering by exchangeable
Al3+. The high valence exchangeable Al3+, however, has a high poten-
tial to buffer against acidification (Tian and Niu, 2015), and has a high
affinity for soil colloidal particles (Tomlinson, 2003; Lu et al., 2014); as
a consequence, the exchangeable Al3+ dominated SMT soil was less
sensitive than the JGS soil to N deposition. For microbial biomass, N de-
position significantly decreased the biomasses of soil Gram-negative
bacteria, fungi, and AM fungi at the subtropical SMT forest, but did not
affect microbial biomass at the JGS forest site. These different responses
at the two sites may also be attributed to the different characteristics of
the two soils. For example, inorganic N that is added to the soil can react
with the high content of soil organic matter and metal cations
(i.e., Al3+) at the subtropical SMT forest site and form recalcitrant com-
plexes that may be unavailable to soil microorganisms and may there-
fore cause a decline in microbial biomass (Soderstrom et al., 1983;
Fog, 1988; Treseder, 2008; Janssens et al., 2010).

We expected that the effects of CANvs. UAN treatments on soil prop-
erties would depend on site conditions. For example, we expected that
the difference between CAN and UAN treatments at the temperate JGS
site would be significant because of the dominance of highly mobile
soil base cations (i.e., Ca), which are sensitive to N addition as discussed
earlier and in previous studies (Lucas et al., 2011; Tian and Niu, 2015).
Contrary to this expectation, however, we found that the effects of
CAN on soil abiotic and biotic properties were similar to the effects of
UAN at both sites. In addition, we did not find a significant interaction
between study site and N addition approaches. These results suggest
that our explanations for the consistent effects of CAN and UNA treat-
ments on soil properties may apply to different kinds of forests.

Previous studies have indicated that the degree of soil response to N
addition could depend on the quantity of N added (Tian and Niu, 2015).
In our study, however, the effects did not significantly differ between
the N rates of 25 and 50 kg N ha−1 yr−1). This is possibly because the
relatively low concentration of N addition and because of relatively
short duration of N treatment in our study compared with other studies
(Lu et al., 2014), thus did not reach the threshold of ecosystem to persist
N perturbations. In line with this result, the CAN effects on soil ex-
changeable cations and microbial biomass were similar to UNA effects
at both N addition rates. Therefore, these results may indicate that our
conclusion about the lacking of differences between CAN and UAN ef-
fects on forest soils could persist across different levels of N addition.

5. Conclusion

Based on the field Nmanipulative experimentswith two approaches
of N treatment (CAN vs. UAN) at two contrasting forest ecosystems
(temperate deciduous forest vs. evergreen subtropical forest), we dem-
onstrated that although soil characteristics differed significantly and the
responses of both soil exchangeable cations andmicrobial biomasswere
different in these two study sites, the effects of canopy addition of N on
soil exchangeable cations and microbial biomass were not significantly
different from the effects of understory addition of N. These results did
not support our hypothesis and other previous prediction (Zhang
et al., 2015) which expected that understory addition of N in most N
manipulation experiments would overestimate or incorrectly capture
the N deposition effects on soil properties in forest ecosystems due to
canopy retention and foliage fertilization, at least for short time scale.
Whether some soil variables would respond to different N addition ap-
proaches in different ways await longer timemonitoring. However, rel-
atively short time scale of our experiment is a potential limitation of our
study.While considering the importance of canopy processes in the for-
est N deposition studies and the lack of experimental studies in this
area, we think our short time-span experimental study and effort is es-
sential in order to: 1) enhance the understanding of the role of canopy
processes in the responses of soil properties to atmospheric N deposi-
tion in forests; and 2) stimulate more comprehensive researches in
this area in the future.
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