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• Growth of terrestrial plants was en-
hanced more by NH4-N than NO3

−-N ad-
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Terrestrial plant growth is strongly limited by the availability of nitrogen (N). Atmospheric deposition of N has
been rapidly increasing since the industrial revolution, associated with fast compositional shifts between
ammonium- (NH4) and nitrate-N (NO3

−) globally. However, whether and how such composition changes of de-
position will affect the response of terrestrial plant growth to N deposition remains unclear. To fill the gaps,
this study quantified the different responses of terrestrial plants to external NH4-N and NO3

−-N additions. A
meta-analysis was applied to compare the growth responses of 367 plant species to different forms of N addition
from 210 N-fertilization experiments. In general, a greater response of plant growth to NH4- N (6 .3% per g
N) than NO3

−-N ( 1.0% per g N) addition was detected across all species. The larger response of plant growth to
NH4-N than NO3

−-N addition was found in trees and forbs but not in shrubs and grasses. The NH4-N and NO3
−-N

additions had contrasting effects on biomass allocation. For example, the NO3
−-N addition increased biomass allo-

cation to above-ground tissues, whereas the NH4-N addition enhanced below- but not above-ground growth.
These results generally reveal a higher response of plant growth to NH4- N than NO3

−-N addition in terrestrial eco-
systems. The findings suggest that future predictions on the vegetation response to atmospheric N enrichment
could benefit from a better understanding of plant strategies for acquiring different forms of N.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
Nitrogen (N) is the most abundant element in the atmosphere and
an essential component for organisms on land and in the sea
(Vitousek and Howarth, 1991). The deposition rate of atmospheric N
to land has dramatically increased by about three-fold since the indus-
trial revolution and is expected to accelerate in the future (Galloway
et al., 2008). The loading of N in deposition has twomain forms, includ-
ing ammonium (NHx) and nitrate (NOy). NHx can originate from agri-
culture (including human and animal excrement, and fertilizer
volatilization) and motor vehicles (Fenn et al., 2018), while NOy mainly
stems from fossil-fuel combustion by power plants and automobiles
(Hosker and Lindberg, 1982). Although the highly deposited N has
been acknowledged to enhance plant growth and primary productivity
in many terrestrial ecosystems (LeBauer and Treseder, 2008; Xia and
Wan, 2008; Fernandezmartinez et al., 2014), the impacts of chronic de-
positions of NHx and NOy could be different. Some recent observations
have even shown large spatial differences in the shifting trend of the
composition in N deposition (i.e., NHx/NOy). For example, N deposition
is shifting from nitrate- to ammonium-dominated in the United States
(Du et al., 2014; Li et al., 2016), while a contrasting change is observed
in China (Liu et al., 2013, 2016; Yu et al., 2019). Thus, the productivity
of terrestrial ecosystem may be largely affected by the different effects
between ammonium and nitrate addition on plant growth.

Under natural conditions, plantsmainly take up ammonium(NH4-N)
andnitrate (NO3

−-N), although other forms of N such as nitrite and amino
acids are utilized as well (Haynes and Goh, 1978; Nasholm et al., 2009).
Although NH4-N and NO3

−-N are considered equivalent in most N fertili-
zation experiments (Stevens et al., 2004; Manning et al., 2006), a num-
ber of recent studies have reported differential N preference among
plant species (Marschner, 2012; ven den Berg et al., 2016; Tho et al.,
2017). For example, plant species that grow in calcareous or slightly
acidic soils favor nitrate or a combination of nitrate and ammonium,
whereas plants in acidic habitats prefer to uptake ammonium (De
Graaf et al., 1998; Falkengren-Grerup and Schottelndreier, 2004;
Sheppard et al., 2014). Plant species of different functional types vary
in N-use strategy and thus respond differently to N addition (Xia and
Wan, 2008). However, it is unclear whether the preference of plant
growth for N forms also varies among plant functional types. For some
plant species, the addition of NH4-N appears to be toxic for plant growth
(ven den Berg et al., 2005; De Schrijver et al., 2008), while other studies
emphasize that the toxic effect might be limited to certain plant func-
tional groups (e.g. bryophyte; Paulissen et al., 2005; Verhoeven et al.,
2011) or depended on soil properties (ven den berg et al., 2005; Li
et al., 2014). During the past few decades, a tremendous amount of ma-
nipulative studies has been conducted to study the response of plant
species to N addition (Maaroufi et al., 2015; Stevens and Gowing,
2013; ven Den Berg et al., 2016; Willey and Tang, 2006). Most of these
studies have reported the form of added N and the functional type of
plant species. These studies enable a quantitative synthesis on the differ-
ent impacts between ammonium and nitrate additions on plant growth.

Anthropogenic activities are altering both total N loads and the dom-
inant form in N deposition. Global fertilizer use has generally shifted
from oxidized- to reduced-N form, surpassing nitrate as the most com-
monN fertilizerworldwide (Glibert et al., 2006). These human activities
will, to a certain extent, alter the composition of available N in the soil,
eventually indirectly affecting plant growth. For example, urea alone
or mixed with ammonium is reported to stimulate soil NH4-N content
(Homann et al., 2001; Ding et al., 2004), but show an inhibitory effect
when mixed with nitrate (Silver et al., 2005). By meta-analysis, Lu
et al. (2011) has suggested that N fertilizers, mainly as NH4NO3 and
urea, usually increase the concentration of soil NH4-N less than NO3

−-N.
Thus, the quantification of plant growth responses to different forms
of N addition is important to predict the potential trends of vegetation
change under the projected compositional shifts in atmospheric N
deposition.
In this study, a meta-analysis was applied based on observed plant
responses to N addition from210manipulative experiments. The effects
of different N forms (i.e., nitrate, ammonium, NH4NO3, and urea) on
plant growth were calculated across the globe and compared among
plant functional types. The major question of this study is whether
and how the effect of nitrate on plant growth is different from that of
ammonium. Because many ecological studies are using NH4NO3 or
urea as a fertilizer, we also compare their effects on plant growth with
the nitrate and ammonium additions. We hypothesize that the growth
of plants among different functional types would respond differently
to N forms, as plants differ in their preferences for inorganic N source
(s). Furthermore, this study also aims to explore the role of N form in af-
fecting the response of biomass allocation to N addition.

2. Materials and methods

2.1. Data collection

2.1.1. Responses of plant growth to N addition
We searched ISIWeb of Sciencewith the terms of “nitrogen fertiliza-

tion (or N addition or N deposition)” and “plant biomass (or plant
growth)”. Papers meeting the following criteria were selected for fur-
ther analysis:

(i) The study included both control and N treatments. If N was
added together with additional treatments (e.g. CO2 enrich-
ment), we took the effect of additional treatment (e.g. CO2 en-
richment) as the control, and their combined effect (e.g. CO2

enrichment plus N addition) as the N treatment;
(ii) Biomass responses to N addition were reported at the species

level. Any study conducted in the field (e.g., natural ecosystem)
or controlled experimental conditions (e.g., greenhouse, glass-
house, and pot) that reported any part (e.g., leaf, stem, branch,
shoot, litter, seed, reproductive organs, and root) or the whole
biomass was included;

(iii) Means, sample sizes, and standard deviations or standard errors
of plant biomass under both control and N addition treatments
were reported;

(iv) N forms, including nitrate (NO3
−-N), ammonium (NH4-N), ammo-

nium nitrate (NH4NO3) and urea, were clarified in the study, and
also the N dose was measured as N per unit area per year
(g N m−2 yr−1);

(v) Crop species were excluded from our analysis.

As recommended by Gurevitch et al. (2018), the flow diagram of the
study selection is shown in the Supplementary Fig. S1. According to the
above criteria, both seed and spore plant were included. As the number
of spore-plant data was small under NO3

−-N and NH4-N addition, this
study only focused on the response of seed plant to N addition. Since
plant responses under single N addition showed similar patterns with
those under all N treatments, i.e. higher responses with NH4-N and
urea addition relative to that with NO3

−-N and NH4NO3 addition, respec-
tively (Fig. S2), this study used data of both single N addition andNwith
additional treatment. Additionally, within a meta-analysis, some re-
searchers have advocated the inclusion of only one result from each
study because of the assumption of independence (Vanderwerf,
1992). However, the omission of multiple results in each study would
cause the loss of information, which may be a more serious problem
than the violation of the assumption of independence (Gurevitch and
Hedges, 1993). Thus, we included more than one sample from a single
study in this meta-analysis, whose reliability (or feasibility) had been
tested by previousmeta-analysis (Maestre et al., 2005). To checkourde-
cision, we also compared the results using all data with those using one
data from each study, and found these patterns were unchanged. Over-
all, therewere totally 210 papers, 367 species and 2728 data included in
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the data set 1 (Appendix Notes S1). The global distribution of study sites
is shown in Fig. 1.

The data of means and variations in both control and N addition
treatments were collected directly from original tables or extracted
from figures using GetData Graph Digitizer 2.24 (http://getdata-
graph-digitizer.com/). Species information was completed and species
were classified by growth forms: woody plants (tree and shrub) vs
herbaceous plants (grass and forb). Plant biomass was categorized by
the whole biomass, aboveground biomass (AGB, including the reported
aboveground, leaf, litter, shoot, stem, or branch biomass), belowground
biomass (BGB, including the reported belowground, rhizome or root
biomass), and other-part biomass (e.g., reproductive organs). The
duration of N experiments ranged from days to years, while N dose
ranged from 0.18 to 120 g m−2 yr−1 under NO3

−-N and to 48 g m−2 yr−1

under NH4-N addition, respectively. N dose was divided into b5 and
N 5 gm−2 yr−1 based on the distribution of N dose in this study. Other in-
formation, including latitude, longitude, mean annual temperature and
precipitation (MAT and MAP) of the field study site was also extracted.
MAT andMAPwere obtained from the global climate database using the
site coordinates (http://www.worldcl im.org/) when they were not re-
ported in the study. As a result, theMAT andMAP for NO3

−-N and NH4-N
experiments changed from −0.7 to 27.5 °C and from about 200 to
2200mm, respectively. Detailed information related to species, site, ex-
perimental condition, N treatment method and its effect on plant
growth, could be found in the Supplementary Table S1.
2.1.2. Responses of soil nitrogen availability to N addition
To evaluate the response of soil NH4-N/NO3

−-N ratio under future en-
hanced N addition, we updated the dataset of Lu et al. (2011). We only
used the results from 29 papers which reported the effect of N addition
on soil NH4-N or NO3

−-N pools (Appendix Notes S2, Table S2). Only those
studies with NH4NO3 or urea addition were included because these two
fertilizers are themost widely used.Meta-analysis was used to estimate
the effects of N fertilization on soil NH4-N, NO3

−-N and the ratio of NH4-
N/NO3

−-N. Other factors, e.g. theN treatmentmethod, interactive climate
variables, or the species information were not considered in this
analysis.
Fig. 1. The global distribution of 21
2.2. Statistical analyses

2.2.1. Soil ammonium to nitrate ratio (NH4
+-N/NO3

−-N)
When both soil ammonium (NH4-N) and nitrate (NO3

−-N) concen-
tration with the same unit were provided in one study, the soil NH4-N
/NO3

−-N ratio was calculated as below:

X ¼
XNHþ

4

XNO−
3

ð1Þ

where XNH4
and XNO3

− are means of the soil ammonium and nitrate con-
centration, respectively. Its standard deviation (SD) was estimated by:

SD ¼ X

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SNHþ

4

XNHþ
4

 !2

þ SNO−
3

XNO−
3

 !2
vuut ð2Þ

where SNH4
and SNO3

− are the SD of soil ammonium and nitrate concen-
tration, respectively.

2.2.2. The relative response of plant growth to N addition
In this study, few experiments reported the exact amount of additive

N during thewhole period.Most of the experiments in this study (~90%)
added the N annually (e.g., Nadd = 10 g N m−2 yr−1), so the response of
plant growth in a certain experimental duration (e.g., t=2 yr) actually
is determined by the total N amount (e.g., Namount = Nadd ∗ t =
20 gNm−2). Thus,we first normalized the plant growth and its variation
of the N treatment as:

X0
e ¼ Xc þ Xe−Xc

Namount
ð3Þ

Its SD is:

S0e ¼ Sc þ Se−Sc
Namount

ð4Þ

where Xc (or Sc) and Xe (or Se) are the means (or SD) of the biomass in
the control and N addition treatments, respectively. Xe′ and Se′ represent
0 studies in this meta-analysis.

http://getdata-graph-digitizer.com/
http://getdata-graph-digitizer.com/
http://www.worldcl
http://im.org


Fig. 2. Percentage changes (means ±95% CI) of the soil nitrate (NO3
−-N) concentration,

ammonium (NH4-N) concentration and the ratio of ammonium to nitrate (NH4-N/NO3
−-

N) (a) under NH4NO3 (blank) or urea (shaded) fertilization. Inserted panel b showed
the frequency distribution of soil NH4-N (blank), NO3

−-N (blue) and NH4-N/NO3
−-N

response (red) under N fertilizations. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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the mean and SD of plant growth under the treatment of per unit
amount (g N m−2) of N addition.

2.2.3. Meta-analysis
Themeta-analysis followed the techniques described inHedges et al.

(1999). For simplicity, we refer to the effects of N addition on plant bio-
mass. N effects on soil ammonium, nitrate, and NH4-N/NO3

−-N were cal-
culated in exactly the same way. The response ratio (RR) of plant
biomass to per unit amount of N addition was calculated as the log-
transformed ratio:

LnRR ¼ ln
X0
e

Xc

� �
ð5Þ

with the variance as:

vRR ¼ Scð Þ2
nc Xcð Þ2

þ S0e
� �2

ne X0
e

� �2 ð6Þ

where ncand ne represent the sample size in control and N treatments,

respectively. The reciprocal of its variance (w ¼ 1
vRR

) was considered

as the weight of each LnRR. Then the mean response ratio (RR ) and
its standard error were calculated as:

RRþþ ¼ ∑m
i¼1
Pk

j¼1 wijLnRRij

∑m
i¼1
Pk

j¼1 wij

ð7Þ

S RRþþð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

∑m
i¼1
Pk

j¼1 wij

s
ð8Þ

where m is the number of groups, and k is the number of comparisons
in the ith group. The 95% confidence interval (95% CI) was calculated
as RR ± 1.96 S(RR ) by bootstrapping the data using Metawin 2.0.
The percentage changes were presented in the figures as back trans-
formed from the log response ratio (i.e., [exp(RR ) − 1] × 100%).

Effects of nitrogen addition on plant growth were evaluated as sig-
nificant if the 95% CI did not overlap zero. This meta-analysis also
followed the theory of heterogeneity described by Gurevitch and
Hedges (1993), in which total heterogeneity (QT) is divided into
within-group (Qw) and between-group (Qb). IfQb is larger than a critical
value, therewould be a significant difference between categories. Statis-
tical significance was tested at the P b 0.05 level.

Regression analyses were used to estimate the relationships of
plant growth responses under different N forms with climatic factors
(MAT and MAP), latitude and the methods of N application (external
N dose).

3. Results

3.1. Changes of N forms in the soil under fertilization

In the field N fertilization experiments with NH4NO3 or urea addi-
tion, the ratio of NH4-N/NO3

−-N in the soil was significantly decreased
by 61.7% (Fig. 2). This decrease was caused more by increases in soil
NO3

−-N ( 415.2%) than by changes in soil NH4-N ( 87.2%; Fig. 2b). Com-
paring these two fertilizers, no significant difference was found on the
ratio of NH4-N/NO3

−-N (−58.8% vs −70.9%; P = 0.369) and soil NO3
−-N

concentration (4 77.9% vs 2 50.4%; P = 0.116) (Fig. 2a). However,
NH4NO3 showed a greater stimulation on soil NH4-N (13 2.4% vs 5.2;
P b 0.001), compared with urea.
3.2. Responses of plant growth to additive N forms vary with plant
functional types

Across all the seed plant species, plant growth increased more
with NH4-N (6.3% per g N) than with NO3

−-N addition (1.0% per g
N) (Qb = 36.8, P b 0.001; Fig. 3a, Table 1). This higher positive effect
of NH4-N than NO3

−-N was found in trees and forbs but not for
grasses, which responded marginally less to NH4-N (6.9% per g
N) than NO3

−-N (11.1% per g N) addition (Qb = 3.5, P = 0.06;
Fig. 3a, Table 1). For shrubs, no difference was found between the
two N forms (Qb = 0.1, P = 0.72). The positive effects of NH4-N
addition were comparable between woody (5.6% per g N) and herba-
ceous (6.9% per g N) species (Qb = 1.7, P N 0.1), but a smaller
response of herbaceous (0.6% per g N) and woody species (1.6% per
g N) (Qb = 0.6, P N 0.1) was detected to NO3

−-N addition (Fig. 3a,
Table 2). The positive effects of NH4-N addition among different
functional types had no significant difference, with the rank of
grasses (6.9% per g N), forbs (6.9% per g N), trees (6.5% per g
N) and shrubs (3.2% per g N) (Qb = 8.2, P = 0. 08; Fig. 3a, Table 2).
However, grasses (11.1% per g N) responded more than shrubs
(1.9% per g N), trees (1.6% per g N) and forbs (−0.8% per g N) to
NO3

−-N addition (Qb = 26.0, P b 0. 001; Fig. 3a, Table 2). These
general patterns of Fig. 3a were comparable with the responses
when using the whole biomass (Fig. S3). It should also be noted
that these response patterns were calculated on all available studies,
including experiments which were conducted in both the controlled
and field conditions. As shown in the Supplementary Fig. S4, the
general patterns of Fig. 3a were similar to that across the field
experiments.

Across all species, the response of plant growth to NH4NO3

addition (5.5% per g N) was lower than that to NH4-N addition
(Fig. 3; Table 1). No significant difference was detected between
NH4NO3 and NH4-N effect for each plant functional type, except
woody plants and trees (P b 0.05). Urea addition showed greater
positive effects across all species (11.0% per g N) than both NH4-N
and NO3

−-N addition. Its positive impacts were the largest in all
plant functional types (e.g., 9.0% per g N and 15.4% per g N in
woody and herbaceous species, respectively) (Table 1).



Fig. 3. Percentage changes of plant biomass (% per g N) under NH4-N and NO3
−-N

fertilization (a) and under NH4NO3 and Urea addition (b) for all the seed plant and for
different plant functional types. Woody = tree s hrub, herbaceous = grass f orb. Values
are means ±95% CI.

Table 2
Between-group heterogeneity (Qb) and probability (P) of nitrogen effect on plant growth
across different functional types within each nitrogen form. The plant functional types in-
clude trees, shrubs, grasses and forbs.

Woody vs herb Plant functional types

Qb P Qb P

NO3
−-N 0.6 0.44 26 b0.001

NH4-N 1.7 0.19 6.6 0.08
NH4NO3 41.2 b0.001 45.1 b0.001
Urea 9.3 b0.01 15.1 b0.01
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3.3. Responses of plant growth to NH4
+- andNO3

−-N addition varywith plant
tissues

NO3
−-N addition significantly stimulated the above-ground growth

(8.4% per g N), whereas NH4-N addition showed a greater effect on
Table 1
Between-group heterogeneity (Qb) and probability (P) of nitrogen effect on plant growth
across various nitrogen form (NO3

−-N andNH4-N; NH4NO3 and urea), NO3
−- or NH4-N effect

on above- and below-ground growth within all the seed plant and different plant func-
tional types. The blank cells mean that calculations were not conducted due to limited
data.

NO3
−-N vs

NH4-N
NH4NO3 vs
urea

NH4N3 vs
NH4-N

AGB vs BGB
under
NO3

−-N

AGB vs BGB
under
NH4-N

Qb P Qb P Qb P Qb P Qb P

Seed
plant

36.8 b0.001 29.5 b0.001 7.5 b0.05 44.7 b0.001 12.2 b0.001

Woody 7.1 b0.01 49.0 b0.001 18.8 b0.01 0.2 0.64 4.5 b0.05
Herb 35.5 b0.001 12.4 b0.001 0.0 0.87 51.3 b0.001 0.3 0.60
Trees 7.2 b0.01 34.2 b0.001 11.3 0.06 0.6 0.43 1.6 0.20
Shrubs 0.1 0.72 1.5 0.22 2.4 0.06 35.7 b0.001
Grasses 3.5 0.06 11.3 b0.001 0.0 0.97 0.1 0.74 0.0 1.00
Forbs 29.2 b0.001 0.1 0.70 0.12 0.78 26.3 b0.001 0.3 0.60
the below-ground growth (5.9% per g N; Fig. 4a, Table 1). NH4-N addi-
tion increased below-ground (7.3% per g N and 9.4% per g N) but not
above-ground growth of both woody and herbaceous species. In con-
trast, NO3

−-N addition significantly increased the above-ground (4.0%
per g N and 12.1% per g N) but not below-ground growth of both
woody and herbaceous species (Fig. 4b, c).

3.4. Responses of plant growth to NH4
+- and NO3

−-N addition vary with abi-
otic factors

By excluding controlled experiments, we found thatMAT (r2= 0.17,
P b 0.001) and latitude (r2 = 0.20, P b 0.001) only affected plant growth
response to NO3

−-N addition, while MAP negatively influenced plant
growth responses to NH4-N (r2 = 0.29, P b 0.001) and NO3

−-N addition
(r2 = 0.15, P b 0.001) (Fig. 5). No relationship was shown between
the responses of plant growth with the dose, as a minor change in
plant responses when N deposition was above 20 g m−2 yr−1 (Fig. 6a).
When separated the field N experiments into two groups in terms of
the dose of N addition (i.e., b5 and N5 g m−2 yr−1), we found that higher
response of plant growth to NH4-N addition was under the dose of
0–5 g m−2 yr−1 (P b 0.001), while no difference between NH4-N and
NO3

−-N addition with the dose above 5 g m−2 yr−1 (Fig. 6b).

4. Discussion

4.1. Soil NH4
+-N/NO3

−-N ratio under artificial fertilization and future atmo-
spheric N deposition

Substantial increases in deposition rates of atmospheric N and its
major components (i.e., NHx and NOy) are predicted in the coming de-
cades (Galloway et al., 2004; Dentener et al., 2006; Kanakidou et al.,
2016). However, the global average cannot reflect the large spatial var-
iation of the trends in the regional NH4-N/NO3

−-N ratio in N deposition
(Tan et al., 2018). For example, N deposition across theUShas converted
from NO3

−-N in the 1980s to the NH4-N domination in recent years be-
cause the implemented emission control on NOx but not NH3 (Li et al.,
2016; Sun et al., 2018). On the contrary, the NHx/NOy ratio across
China has been significantly reduced since the 1980s (Liu et al., 2013,
2016; Yu et al., 2019).

It has been demonstrated that the increasing atmospheric N deposi-
tion not only stimulates the availability of mineral N but also changes
the NH4-N/NO3

−-N ratio in the soil (Skiba et al., 2004; Boxman et al.,
2008). Our results show that although the additions of different N
forms affect soil inorganic N stock differently, they all reduced the
NH4-N/NO3

−-N in the soil (Fig. 2). This could be attributed to the fact
that soil NH4-N and NO3

−-N pools depend on not only the N influx but
also the transformation processes after they are added into the soil.
For example, NH4-N could be transformed into NO3

−-N via nitrification,
and NO3

−-N would be denitrified or leached from the ecosystem
(Gundersen and Rasmussen, 1990; Haynes and Goh, 1978). Thus, it re-
mains unclear how the change of NHx/NOy in the atmospheric N depo-
sition will affect the availability of soil N. For example, Boxman et al.
(2008) have observed a synchronous decline of NH4-N/NO3

−-N ratio in
atmospheric deposition and in the soil solution. They still predict an



Fig. 4. Comparison the effects of NH4-N and NO3
−-N on plant above-ground (AGB, % per g N) and below-ground biomass (BGB, % per g N) across all the seed plant species (a) and within

growth forms (b–c). Open shapes for NH4-N effects and closed ones for NO3
−-N effects. Values are means ±95% CI.
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increasing soil NH4-N/NO3
−-N ratio wherein nitrification is inhibited. A

global increasing NH4-N concentration in atmospheric deposition may
instead increase NO3

−-N content in the soil because of the stimulated ni-
trification by NH4 supply (Lu et al., 2011). On the other hand, soil acid-
ification under N deposition may play an opposite role (Gundersen and
Rasmussen, 1990). These results indicate that an increasing external
input of NH4-N or NO3

−-N does not necessarily lead to corresponding
changes in the soil. In fact, the observed changes in the soil NH4-N/
NO3

−-N ratio (Fig. 2) is the outcome of the responses of multiple N pro-
cesses. Thus, considering the complicated N cycle in the soil, this study
only focused on the impacts of external N forms input on plant growth.

4.2. Different responses of plant growth to NH4
+- and NO3

−-N addition
among plant functional types

It is known that ammonium-N addition usually inhibits plant
growth compared with the addition of nitrate-N or a mixture of nitrate
and ammonium (Paulissen et al., 2005; Willey and Tang, 2006). In this
study, however, the response of plant growth to NH4-N addition is
about 6-fold as much as that of NO3

−-N addition for terrestrial plants
(Fig. 3). The greater positive effect of NH4-N addition is reasonable
Fig. 5.Dependence of the plant growth response to N addition (i.e., LnRR) uponmean annual te
experiments were shown.
because ammonium is less costly in energy than nitrate, which has to
be reduced to ammonium before assimilation (Zerihun et al., 1998;
Guo et al., 2007). For example, the plants uptake of NH4-Noften exceeds
that of NO3

−-NwhenN is the limiting nutrient for growth (Grassein et al.,
2015; Konnerup and Brix, 2010; Song et al., 2015). The higher uptake
rate of NH4-N means a higher tissue N concentration and then a higher
potential N investment in the plant photosynthesis (Gaiad et al., 2006;
Huangfu et al., 2016; Konnerup and Brix, 2010). Many studies have
found that plant photosynthesis is more stimulated by NH4-N than
NO3

−-N addition (Claussen and Lenz, 1999; Hogh-Jensen and
Schjoerring, 1997). Thus, ammonium usually acts as a superior N fertil-
izer than nitrate for plant growth (Gaiad et al., 2006; Huangfu et al.,
2016; Konnerup and Brix, 2010).

Among plant functional types, the response of plant growth to NH4-
N addition shows lower variability than that to NO3

−-N addition (Fig. 3).
This finding is contrary to the observations in an alpine meadow (Song
and Yu, 2015), where the synchrony among functional groups was not
affected by the addition of different forms of N. NO3

−-N addition only en-
hances the growth of grasses (Fig. 3), indicating that the nitrate-
dominated N deposition would have a greater impact on grassland
than other ecosystem types. However, it should be noted that the ratio
mperature (MAT), mean annual precipitation (MAP) and latitude. Only data from the field



Fig. 6. Dependence (a) of plant growth response to N addition (i.e., LnRR) upon N dose and the distribution of N effects in various groups of N dose (b). The dots in panels represent each
data. In panel b, the box indicates the 25th and 75th percentile, and the whiskers show the 10th and 90th percentile, with the line in each box as the median.
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of NH4-N/NO3
−-N in N deposition shows contrasting trends in different

grassland regions, for example, increasing in North America
(Kanakidou et al., 2016) but decreasing in Asia (Tan et al., 2018). Fur-
thermore, the preference for ammonium or nitrate may vary among
species within an ecosystem (Metcalfe et al., 2011; Sheppard et al.,
2014). These results call for more research on the different impacts of
NH4-N and NO3

−-N addition on plant community composition in the
future.

4.3. Different responses of plant growth to NH4
+- and NO3

−-N addition
among plant tissues

Plants growing in the infertile or low N soils usually allocate more
biomass to roots for acquiring nutrients. The increase of soil N availabil-
ity, on the contrary, enhances the allocation of plant biomass from
below- to above-ground (Müller et al., 2000; Song et al., 2010). Our
meta-analysis also shows that above-ground growth is stimulated
more under NO3

−-N addition but below-ground growth is more respon-
sive to NH4-N addition across all growth forms.

The N form, including N availability, is another important determi-
nant of plant biomass allocation (Cambui et al., 2011; Willey and Tang,
2006). The energy cost for the reduction of NO3

− to NH4 is lower if the
conversion takes place in photosynthetic leaves, in where photons are
directly used to fuel the NO3

− reduction (Raven, 1985; Gerendás et al.,
1997). Thus, the relative increase of NO3

− supply in leave tends to en-
hance biomass allocation to shoot. The NH4 is primarily assimilated by
roots (Marschner, 2012; Schjoerring et al., 2002), so more root growth
is required for acquiring NH4-N (Gerendás et al., 1997) and constructing
C-N bonds related to the critical pathways of ammonium detoxification
(Bittsánszky et al., 2015). Thus, this study found more biomass alloca-
tion to root under NH4-N supply than NO3

−-N addition at the global
scale (Fig. 3). On the other hand, plants have a protective mechanism
to keep the balance between the lowered root water-uptake capacity
and the high root C demand for NH4 uptake (Guo et al., 2007). All of
these findings indicate that plants have evolved different specialized
strategies for adapting to the changing N environments.

4.4. Limitations and implications

It should be noted that there are several limitations in this study.
First, themeta-analysis combines results fromprevious studies to calcu-
late a weighted average of the measures, and identifies patterns based
on results from different studies. To test the robustness of the key find-
ings in this study, we further studied the experiments which simulta-
neously added NH4- and NO3

−-N (totally 42 paired data and 12 species
from 7 independent studies, Appendix Table S3). The results (Appendix
Fig. S5) were consistent with the general patterns found in Fig. 3. Sec-
ond, this study tried to discuss the plant preference for different N
forms under the scenario of future atmospheric N deposition. However,
the increasing NHx/NOy ratio in the atmospheric N deposition does not
necessarily lead to enhanced NH4-N/NO3

−-N in the soil, because NH4

could be quickly transformed to NO3
− by nitrification. Only a few studies

have reported the associated changes between ratios of atmospheric
NHx/NOy and soil NH4-N/NO3

−-N at the site level (e.g., Skiba et al.,
2004). Third, some of the discussions are based on the global trends of
atmospheric NHx/NOy, but the projection itself has great uncertainty.
Fourth, the durations of most experiments in this study was less than
five years (Appendix Fig. S6), suggesting that the long-term biological
impacts of N addition are not considered in our analyses. Fifth, the
woody plants under the controlled experimental conditionwere gener-
ally concentrated in the seedling stage. Lastly, neither NH4-N nor NO3

−-N
could be added in the experimentswithout an inorganic anion or cation.
Although no difference was detected between treatments with anions
or cations (Appendix Fig. S7), their effects could have been included in
the NH4-N or NO3

−-N addition in this study.
Overall, the findings in this study have some additional important

implications for the widespread N-addition manipulative experiments:

1. NH4NO3 and urea are widely used as the major fertilizers in most
field ecological experiments.We found the effect of NH4NO3 addition
was slightly lower than NH4-N addition but was much lower than
urea addition (Fig. 3b). This suggests that the N effect on plant
growth in the manipulative experiments could be larger than that
in the natural ecosystems, especially in those regionswith increasing
deposition of NO3

−-N.
2. The ratio of NH4-N/NO3

−-N in the soil is reduced under the addition of
NH4NO3 or urea (Fig. 2b). However, the responses of soil NH4-N/
NO3

−-N ratio to atmospheric N deposition with changing NH4-N/
NO3

−-N are complicated (Skiba et al., 2004; Boxman et al., 2008), so
attention should be paid to the scaling of experimental results up
to the real ecosystems.

3. Plants growing in drier regions aremore sensitive to NH4-N andNO3
−-

N addition than those growing in wetter regions (Fig. 5b). Experi-
mental studies are needed to explore whether this pattern is attrib-
uted to the water-limited N availability in the dry environments
(Giese et al., 2011) or a higher potential nitrification rate leading to
a more pronounced nitrate preference in wetter regions (Olsson
and Falkengren-Grerup, 2000).

4. The higher response of plant growth to NH4-N addition was showed
under the dose of 0–5 gm−2 yr−1 (P b 0.001), while no response differ-
ence was detected with the N dose above 5 g m−2 yr−1 (Fig. 6b). Thus,
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future N-addition experiments need to consider the natural N deposi-
tion rate (e.g., 0–5 g m−2 yr−1 at present, Dentener et al., 2006).

5. Conclusions

Using the meta-analysis, this study reveals a general higher growth
response of terrestrial plants to NH4-N than NO3

−-N addition. Addition
of NO3

−-N promotes more growth allocation to above-ground, whereas
NH4-N addition significantly enhances below- but not above-ground
growth. Given that the atmospheric inputs of NH4-N and NO3

−-N are un-
even in most areas of the globe, plant strategies for acquiring different
forms of N would play an important role in vegetation response to fu-
ture atmospheric N enrichment. In some regions, e.g., eastern Asia, the
rate of N deposition could exceed the critical loads of N and trigger sud-
den harmful impacts on plant growth (Bobbink et al., 2010; Pardo et al.,
2011). It also should be noted that plants in the real ecosystems could
respond to future N enrichment differently from that have been re-
ported by the manipulative field experiments in this study. Thus, we
recommend future manipulative experiments with N addition to con-
sider the realistic compositional features of local N deposition. Terres-
trial biogeochemical models should also need to incorporate different
preferences of plant species for acquiring ammonium and nitrate.
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