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• A new isotope method is established to
decipher plant N-use strategies in a
tropical site of SW China.

• Invasive plants allocated more NH4
+-
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natives under no invasion.
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promote exotic plant invasion.
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Exotic plant invasion is an urgent issue occurring in the biosphere, which can be stimulated by environmental ni-
trogen (N) loading. However, the allocation and assimilation of soil N sources between leaves and roots remain
unclear for plants in invaded ecosystems, which hampers the understanding of mechanisms behind the expan-
sion of invasive plants and the co-existence of native plants. This work established a new framework to use N
concentrations and isotopes of soils, roots, and leaves to quantitatively decipher intra-plant N allocation and as-
similation among plant species under no invasion and under the invasion of Chromolaena odorata and Ageratina
adenophora in a tropical ecosystem of SW China. We found that the assimilation of N derived from both soil am-
monium (NH4

+) and nitrate (NO3
−) were higher in leaves than in roots for invasive plants, leading to higher leaf N

levels than native plants. Comparedwith the same species under no invasion, most native plants under invasion
showed higher N concentrations and NH4

+ assimilations in both leaves and roots, and increases in leaf N were
higher than in root N for native plants under invasion. These results inform that preferential N allocation, dom-
inated byNH4

+-derived N, to leaves over roots as an important N-use strategy for plant invasion and co-existence
in the studied tropical ecosystem.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Exotic plant invasion has become an urgent environmental issue in
past decades (Mack et al., 2000), which can be stimulated by soil
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Fig. 1. Schematic isotope relationships between soil N sources and N in plant leaves and
roots. The δ15NNH4+ and δ15NNO3- are δ15N values of soil NH4

+ and NO3
−, respectively.

The NH4
+-derived and NO3

−-derived N are leaf or root N derived from the assimilations
of soil NH4

+ and NO3
−, respectively. ΔU-NM and ΔU-AM are isotope effects of N uptake for

plants associated with no mycorrhizae and arbuscular mycorrhizae, respectively. ΔA-NH4

+ and ΔA-NO3- are isotope effects of NH4
+-derived and NO3

−-derived N allocation
between leaves and roots, respectively.
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nitrogen (N) loading (Liu et al., 2017) and has caused many negative
impacts to the structure and functions of ecosystems (Dukes and
Mooney, 1999; Liu et al., 2013a). Plant N use strategies are important
for understanding the expansion of invasive plants and the co-
existence of native plants in responses to environmental N loading
(Bobbink et al., 2010). Plant N utilizationmainly includes plant N acqui-
sition and intra-plant N allocation and assimilation (Masclaux-
Daubresse et al., 2010), which has important influences on the primary
productivity and performance of plant species (Harrison et al., 2007;
LeBauer and Treseder, 2008). To decipher intra-plant N allocation and
assimilation can help to understand the mechanisms behind exotic
plant invasion and native plants' co-existence or disappearance
(Bazzaz and Grace, 1997; Feng et al., 2009).

Ammonium (NH4
+) and nitrate (NO3

−) in soils are important plant N
sources (Britto and Kronzucker, 2002). Severalmethods have been used
to describe the allocation and assimilation of soil N sources in plants.
Earlier studies compared nitrate reductase activity (NRA) in leaves
and roots to assess intra-plant NO3

− allocation and reduction
(Andrews, 1986). Higher NRA levels in leaves than in roots indicate
more NO3

− allocation to leaves than to roots (Stewart et al., 1992).
Few studies analyzed inorganic N concentrations in xylem saps to assess
the allocation of NO3

− between leaves and roots and its linkages with
plant growth (Cheeseman, 1993; Scheurwater et al., 2002). More
recent studies employed 15N-labeling methods to calculate the alloca-
tion of NH4

+ and NO3
− between leaves and roots (Kalcsits et al., 2015;

Bueno et al., 2018). However, the plant uptake of field applied 15N
tracers was substantially influenced by microbes and differed between
NH4

+ and NO3
−, so that it is difficult to obtain accurate allocating

strategies of N sources in plants (Harrison et al., 2007; Bueno et al.,
2018). The location of N reduction in plants is not necessarily the
same location of the final N assimilation because reduced N can be fur-
ther reallocated between leaves and roots before thefinal N assimilation
(Schjoerring et al., 2002). Also, it remains highly uncertain whether and
howmuch the 15N supplied as NH4

+ and NO3
−would exist in their initial

inorganic forms or have been assimilated into biomass organic N, be-
cause almost all tracer studies have measured only the total 15N recov-
ered from the leaves and roots, which cannot distinguish 15N allocation
from 15N assimilation (Bueno et al., 2018). Accordingly, these methods
did not provide direct evidence on the final allocation and assimilation
of soil N sources between roots and leaves. Moreover, most of the
existingmethods and studies have been conducted on crop plants incu-
batedwithNO3

− orNH4
+, andmuch less on plants in invaded ecosystems

and by both N forms simultaneously (Stewart et al., 1992; Scheurwater
et al., 2002). Therefore, it is highly valuable to develop a newmethod to
decipher the allocation and assimilation of soil NH4

+ and NO3
− sources

between leaves and roots of terrestrial plants, which would open a
new window to understand the intra-plant N allocation and assimila-
tion strategies of different plant species in the ‘real’ world of invaded
ecosystems.

Combiningmeasurements of N concentration andnatural N isotopes
(expressed as δ15N values) of leaves and roots can help decipher intra-
plant N allocation in natural ecosystems (Kolb and Evans, 2002;
Sardans et al., 2017). Positive correlations often exist between leaf N
(Nleaf) and root N (Nroot) concentrations, and the correlations differ
among plant species and under different environmental conditions
due to different intra-plant N allocation patterns (Kerkhoff et al.,
2006; Yan et al., 2016; Zhang et al., 2018a). Higher slopes of leaf-root
N correlations or higher ratios of leaf N to root N (Nleaf/Nroot) indicate
greater N allocation to leaves (Reich, 2002; Zhang et al., 2018a; Zhang
et al., 2018b). This can happen to plants with relatively high N-uptake
abilities or under high N availability, which can support and benefit
above-ground photosynthesis and growth (Laungani and Knops, 2009;
Fraterrigo et al., 2011). For plants with relatively low N-competing abil-
ities or under low N availability, preferential and greater N allocation to
roots can promote root growth and augment N acquisition, leading to
relatively low Nleaf/Nroot values (Bazzaz and Grace, 1997; Wright et al.,
2

2004). However, the relative contributions of NH4
+ and NO3

− have not
been further disentangled for Nleaf or Nroot, which is limiting the
application of Nleaf/Nroot to elucidate intra-plant N allocation and assim-
ilation (Kolb and Evans, 2002; Pardo et al., 2012). Currently, it is crucial
to determine the contributions of NH4

+ andNO3
− toNleaf andNroot, which

would substantially improve the understanding of how different plants
allocate and assimilate soil N sources between leaves and roots.

Leaf δ15N (δ15Nleaf) has been broadly used to indicate soil N availabil-
ity and the openness of the ecosystem N cycle (Craine et al., 2009; Yang
et al., 2013). However, differences often exist between δ15Nleaf and root
δ15N (δ15Nroot) across climate gradients and species (Craine et al., 2005,
2015), which suggests that δ15Nleaf cannot simply be interpreted as the
δ15N of whole-plants to reflect fractional contributions of soil N sources
at whole-plant level (Pardo et al., 2012). It is essential to accurately un-
derstand the δ15Ndifferences related toN-use strategies between leaves
and roots (Houlton et al., 2007; Liu et al., 2013b). Combining δ15Nleaf

with δ15Nroot can give more insights into the intra-plant allocation and
assimilation of NH4

+ and NO3
− (Fig. 1, Peuke et al., 2013; Kalcsits et al.,

2014). More specifically, the N uptake associated with mycorrhizae
can make the δ15N of plant-assimilated N lower than that of plant
sources (Craine et al., 2009; Hobbie and H€ogberg, 2012). The NO3

−

entered into plants will be reduced by nitrate reductase to nitrite and
then by nitrite reductase to NH4

+, and the synthesis of amino acids
from NH4

+ will be assimilated into biomass N. This process can take
place in roots and leaves (Masclaux-Daubresse et al., 2010). Both NO3

−
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and NH4
+ assimilation in plants discriminate against 15N (Evans, 2001),

thus unassimilated NO3
− and NH4

+ in plants have higher δ15N values
than their organic N products (Ledgard et al., 1985; Yoneyama et al.,
1993; Peuke et al., 2013). Differing allocation of relatively 15N-
enriched N sources and relatively 15N-depleted N sources between
leaves and roots would cause differences between δ15Nleaf and δ15Nroot

values (Kolb and Evans, 2002; Pardo et al., 2012). When δ15N values of
plant N sources and isotope effects due to plant N uptake and intra-
plant N allocation can be constrained, systematic observations of
δ15Nleaf and δ15Nroot values provide a new opportunity to evaluate
contributions of NO3

−-derived and NH4
+-derived N to Nleaf and Nroot,

respectively (Fig. 1). However, no study has established a quantitative
framework to combineN concentrations and δ15N values of soils, leaves,
and roots to decipher intra-plant N allocation and assimilation in natu-
ral ecosystems.

Based on the above contexts, this work investigated N concentra-
tions and N isotopes of soils, roots, and leaves among plant species
under no invasion and the invasion of two exotic composite species in
a tropical ecosystem of SW China. Our objectives were 1) to establish
a new isotope framework to quantitatively decipher intra-plant N allo-
cation and assimilation, 2) to explicitly dissect how intra-plant N alloca-
tion differ between invaders and natives, and between natives under no
invasion and natives under invasion. Such a new method and new in-
sights into intra-plant N allocation and assimilation can contribute sub-
stantially to the understanding of plant N-use strategies in terrestrial
ecosystems.

2. Materials and methods

2.1. Study site

This study was conducted at Mt. Kongming (101.12°E, 22.14°N),
Xishuangbanna, Yunnan province, SW China. Mt. Kongming is a mon-
tane ecosystem of tropical China, which has a subtropical monsoonal
climate, and with mean annual temperature and mean annual precipi-
tation of 21 °C and 1600mm, respectively. The soil and bedrock are yel-
low soil and limestone rock, respectively. The C. odorata and
A. adenophora are perennial native herbs inMexico but noxious invasive
forbs in China. Since entering mainland China from Xishuangbanna in
the 1940s, these two invasive plants have caused many negative im-
pacts on the terrestrial ecosystems in southwestern (SW) China (Feng
et al., 2009). Native plants aremainly herbaceous and graminoid species
that are widely distributed in tropical and subtropical China, with few
deciduous and evergreen shrubs and occasional conifer forests (mainly
Pinus massoniana). Details of the study site, experimental blocks and
plots, and native plant species have been described in Hu et al. (2019).
Briefly, there are obvious patches of C. odorata invasion (about
20 m × 20 m), A. adenophora invasion (about 20 m × 20 m), and no in-
vasion (about 10m× 10m) in each block. Leaves and roots of the dom-
inant species were sampled for each of three plots (2m × 2m for each)
in no invasion patches of three blocks (one plot for each), six plots
(2 m × 2 m for each) in C. odorata invasion patches of three blocks
(two plots for each), and six plots (2m× 2m for each) in A. adenophora
invasion patches of three blocks (two plots for each).

2.2. Sample collection and chemical analyses

In July of 2011, leaves and roots of invasive and dominant native
plant species were sampled. Sampled native plants belonging to 36 spe-
cies (8 shrub and 28 herb species) and 15 families (Mainly Poaceae,
Asteraceae, Rubiaceae, Lamiaceae, Euphorbiaceae, etc) (Hu et al.,
2019). In each plot, leaves and roots of the same individual for each
plant species were simultaneously collected from 5 to 10 individuals
and pooled together into one replicate sample of leaf and root, respec-
tively. Thus, the replicate sample of each native species ranged from 1
to 3 under no invasion, and ranged from 1 to 6 under C. odorata or
3

A. adenophora invasion based on the presence of the native species in
each plot. Leaf N concentrations and δ15N values have been reported
inHu et al. (2019), focusing on plant N uptake and preference under dif-
ferent invasive pressures. The present paper focuses on root-leaf N allo-
cation by adding root N concentrations and δ15N analyses.

Methods formeasuring plant N concentrations and δ15N valueswere
identical to those reported in Hu et al. (2019). Briefly, leaf and root N
concentrations (mg/g, dry weight (dw))were determined using an ele-
mental analyzer (Elementar Analysensysteme GmbH, Germany). Then,
δ15N values of N in each leaf and root sample (about 50 μg N) were de-
termined by an isotope ratio mass spectrometer (Thermo MAT 253,
Thermo Scientific, Bremen, Germany) coupled with an elemental ana-
lyzer (Flash EA 2000). The average standard deviations for replicate
analyses of an individual sample were ±0.02% for N concentration and
±0.1‰ for δ15N values.

2.3.Methods for estimating fractional contributions of soil NH4
+ andNO3

− to
plant N

Most studies on plant N uptake in tropical ecosystems have stressed
inorganic N due to its have higher N-cycle rates compared with high-
latitude and high-altitude ecosystemswhereN availability are generally
lower and plants rely more on organic N sources (Houlton et al., 2007;
Liu et al., 2018; Zhang et al., 2018c). Moreover, plant dissolved organic
nitrogen (DON) use was often demonstrated experimentally by the up-
take of oneor a few 15N-labeled amino acids,which cannot elucidate the
real availability of the whole soil DON pool to plants (Kahmen et al.,
2009), so that substantial uncertainties existed in the source contribu-
tions estimated by using the δ15N of the whole DON pool (e.g., Liu
et al., 2013). Besides, the site is pristine with no agricultural or other
human disturbance, and had lower bulk N deposition (<8 kg-N/ha/yr,
Ackerman et al., 2016). Thus, the N source from N deposition has not
been considered in this study. Consequently, soil NH4

+ and NO3
− were

assumed asmain plant N sources in this study (Fig. 1), and their respec-
tive fractional contributions to leaf N (denoted as ƒleaf-NH4+ and ƒleaf-NO3-
hereafter, respectively) and root N (hereafter as ƒroot-NH4+ and ƒroot-NO3-,
respectively) were estimated by the following isotope mass-balance
equations (Eqs. (1) & (2)).

δ15Nleaf þ ΔU ¼ δ15NNH4þ−ΔA−NH4þ
� �

� ƒleaf−NH4þ

þ δ15NNO3−−ΔA−NO3−

� �
� ƒleaf−NO3− ð1Þ

δ15Nroot þ ΔU ¼ δ15NNH4þ þ ΔA−NH4þ
� �

� ƒroot−NH4þ

þ δ15NNO3− þ ΔA−NO3−

� �
� ƒroot−NO3− ð2Þ

where ƒleaf-NH4++ ƒleaf-NO3-= 1 and ƒroot-NH4++ ƒroot-NO3-= 1. δ15Nleaf,
δ15Nroot, δ15NNH4+, and δ15NNO3- are δ15N values of leaves, roots, soil
NH4

+, and soil NO3
−, respectively, among which δ15NNH4+ and δ15NNO3-

values are cited from Hu et al. (2019). ΔU values are isotope effects
during plant N uptake (Fig. 1), which was 0.0‰ for plants with no my-
corrhizal association and 2.0 ± 2.5‰ for plants associated with
arbuscular mycorrhizae (Evans et al., 1996; Evans, 2001; Craine et al.,
2009). ΔA-NO3- and ΔA-NH4+ values are isotope effects of allocation of
soil NO3

−-derived andNH4
+-derivedN between leaves and roots, respec-

tively (Fig. 1). Previously, δ15Nroot values have been found lower by ca.
2.0 ± 1.9‰ and δ15Nleaf values would be higher by ca. 2.0 ± 0.7‰
than δ15N values of source NO3

− due to the intra-plant allocation or re-
distribution of NO3

−-derived N (Kohl and Shearer, 1980; Mariotti et al.,
1982; Bergersen et al., 1988; Yoneyama and Kaneko, 1989; Evans
et al., 1996; Kalcsits et al., 2015). Accordingly, the mean ΔA-NO3- value
of 2.0 ± 1.9‰ and 2.0 ± 0.7‰ was considered in our calculations.
δ15Nroot values have been found lower by ca. 0.0 ± 0.7‰ and δ15Nleaf

values would be higher by ca. 0.2 ± 0.8‰ than δ15N values of source
NH4

+ due to the intra-plant allocation or redistribution of NH4
+-
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derived N (Yoneyama et al., 1991; Evans et al., 1996; Kalcsits et al.,
2015). Accordingly, ΔA-NH4+ was considered as 0.0 ± 0.7‰ and
0.2 ± 0.8‰ in our calculations. Errors of ƒ values in Eqs. (1) & (2)
were estimated by a Monte Carlo method in each calculation.

Based on calculated ƒleaf-NH4+, ƒleaf-NO3-, ƒroot-NH4+, ƒroot-NO3- values,
contributions of soil NH4

+ and NO3
− to leaf N concentrations (hereafter

as Nleaf-NH4+ and Nleaf-NO3-, respectively) and root N concentrations
(hereafter as Nroot-NH4+ and Nroot-NO3-, respectively) were further
calculated by the following equations (Eqs. (3)–(6)).

Nleaf−NH4þ ¼ Nleaf � ƒleaf−NH4þ ð3Þ

Nleaf−NO3− ¼ Nleaf � ƒleaf−NO3− ð4Þ

Nroot−NH4þ ¼ Nroot � ƒroot−NH4þ ð5Þ

Nroot−NO3− ¼ Nroot � ƒroot−NO3− ð6Þ

whereNleaf andNroot are total N of leaves and roots, respectively, f values
were calculated by Eqs. (1) and (2).

2.4. Statistical analyses

Tukey HSD tests were used to identify significant differences in N
concentrations and δ15N values among different plant species. Before
each analysis of significant differences, raw data were assessed for nor-
mality and homogeneity using the Shapiro-Wilks test and the Cochran's
C-test, respectively. Transformations were performed when necessary
to satisfy assumptions. Pearson correlation analyseswere used to exam-
ine correlations between Nleaf and Nroot, and δ15Nleaf and δ15Nroot.
Statistical analyses were conducted using SPSS 16.0 for Windows
(SPSS Inc., Chicago, IL, USA). The statistical significance was set at
p < 0.05.

3. Results

3.1. Plant N concentrations

The Nleaf and Nroot values averaged 23.6 ± 3.5 mg/g and 6.2 ±
2.2 mg/g for invasive plants and averaged 11.6 ± 5.3 mg/g and 6.2 ±
2.7 mg/g for native plants, respectively (Table 1, Fig. 2). Leaves had
significantly higher N than roots, and they correlated positively for
both invasive and native plants (Figs. 2, s1). Invasive plants had higher
Nleaf than native plants, but Nroot did not differ between them
(Table 1), and therefore invasive plants showed higher Nleaf/Nroot

values than native plants (Table 1).
Compared the same species between invasion and no invasion plots,

most native species under invasion increased both Nleaf and Nroot

(Figs. 3, s2), and increased more N in leaves than in roots (Fig. s2). In-
creasing Nleaf was found for 17 out of 19 native species under
C. odorata invasion (ranged 0.0 mg/g to 9.8 mg/g and averaged 1.9 ±
2.5 mg/g), and for 14 out of 18 native species under A. adenophora
invasion (ranged 0.4 mg/g to 10.7 mg/g and averaged 3.0 ± 2.9 mg/g)
(Fig. 3). Increasing Nroot was found for 12 out of 19 native species
Table 1
The Nleaf, Nroot, Nleaf/Nroot, δ15Nleaf, and δ15Nroot values of A. adenophora (n= 6), C. odorata (n=
(n=39) and C. odorata invasion (n=45) in Xishuangbanna, SW China. Values of mean ± SD
indicate significant differences at the level of p < 0.05.

Variables No invasion A. adenophora invasion

Natives A. adenophora

Nleaf (mg/g, dw) 10.7b ± 4.7 22.7a ± 3.2
Nroot (mg/g, dw) 5.8ab ± 2.4 4.9b ± 1.3
Nleaf/Nroot 2.0b ± 0.9 4.8a ± 0.9
δ15Nleaf/‰ −1.4b ± 1.1 1.1a ± 2.8
δ15Nroot/‰ −3.4b ± 1.3 −2.5ab ± 1.5

4

under C. odorata invasion (ranged 0.3 mg/g to 4.7 mg/g and averaged
0.4 ± 1.8 mg/g), and for 12 out of 18 native species under
A. adenophora invasion (ranged 0.1 mg/g to 8.2 mg/g and averaged
0.6 ± 2.4 mg/g) (Fig. 3).

3.2. Plant δ15N values

The δ15Nleaf and δ15Nroot values averaged 0.6 ± 2.5% and −2.2 ±
1.6% for invasive plants, and averaged −0.8 ± 1.8% and −2.7 ± 1.8%
for native plants, respectively (Table 1, Fig. 2). The δ15Nleaf values were
“therefore” higher than δ15Nroot values for both invasive and native
plants (Table 1, Fig. 2). Invasive plants had higher δ15Nleaf values than
co-occurring native plants, but δ15Nroot values did not differ between
them (Table 1). The δ15Nleaf values were correlated positively with
δ15Nroot for native plants under no invasion (Fig. s1), but such a
relationship was not observed for invasive plants and native plants
under invasion (Fig. s1).

3.3. Contributions of soil N source in leaves and roots

The ƒleaf-NH4+ values averaged 63.4 ± 12.8% and 53.4 ± 9.9% for
invasive and native plants, respectively (Table 2, Fig. s3). The ƒroot-NH4
+ values averaged 27.5 ± 10.8% and 28.7 ± 13.5% for invasive and
native plants, respectively, and were distinctly lower than
corresponding ƒroot-NO3- values (Table 2, Fig. s3).

Compared between invasive and native plants, both Nleaf-NH4+ and
Nleaf-NO3- in invasive plants were higher than those in native plants
(Table 2, Fig. s3), while neither Nroot-NH4+ nor Nroot-NO3- differed
significantly between them (Table 2). Compared the same native
species between invasion and no invasion, most native species
increased Nleaf-NH4+ and Nroot-NH4+ under both C. odorata and
A. adenophora invasion, and decreased Nleaf-NO3- and Nroot-NO3- under
C. odorata invasion, increased Nleaf-NO3- and Nroot-NO3- under
A. adenophora invasion (Figs. 3, s2). Nleaf-NH4+ increased for 17 out of
19 native species under C. odorata invasion and for 13 out of 18
species under A. adenophora invasion (Figs. 3, s2). Nleaf-NO3- decreased
for 14 out of 19 species under C. odorata invasion and increased for 14
out of 18 species under A. adenophora invasion (Figs. 3, s2). Nroot-NH4+

increased for 16 out of 19 species under C. odorata invasion and for 10
out of 18 species under A. adenophora invasion (Figs. 3, s2). Nroot-NO3-

decreased for 12 out of 19 species under C. odorata invasion and
increased for 11 out of 18 species under A. adenophora invasion
(Figs. 3, s2).

4. Discussion

4.1. Leaf-root N allocation and assimilation between invasive and native
plants

Compared with native plants, higher Nleaf/Nroot values of invasive
plants suggested more N allocation to leaves than to roots for invasive
plants (Table 1). Mechanistically, more N allocation to leaves reflects
the higher N demand of invasive plants to achieve higher rates of leaf
photosynthesis, growth, production, and expansion (Wright et al.,
6), native plants under no invasion (n= 59), native plants under A. adenophora invasion
(standard deviation) are shown. Different letters behind the mean values of the same row

C. odorata invasion

Natives C. odorata Natives

12.3b ± 5.6 24.6a ± 3.6 12.4b ± 5.6
5.9ab ± 2.4 7.6a ± 2.3 7.1a ± 3.3
2.3b ± 1.2 3.5a ± 0.7 2.1b ± 1.3
−1.3b ± 1.3 0.2ab ± 2.1 −0.5b ± 1.8
−3.0ab ± 1.7 −1.9ab ± 1.6 −1.4a ± 1.9



Fig. 2. Nleaf and Nroot (a), δ15Nleaf, δ15Nroot, and Δδ15Nleaf–root values (b) of native plants under no invasion (n = 1–3 for each species), native plants under invasion (n = 1–12 for each
species), and invasive plants (n = 6 for each species) in Xishuangbanna, SW China. Mean ± SD values are shown. In panel a, Nleaf and Nroot are N concentrations of leaves and roots,
respectively. In panel b, Δδ15Nleaf–root values (the H line) were calculated using δ15Nleaf minus δ15Nroot of the same species, AM, arbuscular mycorrhizae, and NM, non-mycorrhizal plants.
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2004; Hu et al., 2019). These results provide clear evidence on the over-
all N allocation and assimilation strategy for invasive plants, which adds
field evidence to the preferred N allocation to photosynthetic units
found previously in incubated plants of A. adenophora (Feng et al.,
2009).

Based on detailed results of isotope mass balance calculations (de-
tailed in Methods), both Nleaf-NH4+ and Nleaf-NO3- in invasive plants
were higher than those in native plants (Table 2), while neither Nroot-

NH4+ nor Nroot-NO3- differed significantly between them (Table 2).
These results suggest that the assimilation of N derived from both soil
NH4

+ and NO3
− were higher in leaves than in roots for invasive plants,

leading to higher Nleaf and Nleaf/Nroot levels than in native plants. More
N allocation to leaves than to roots can greatly increase the light-
saturated photosynthetic rate and photosynthetic N use efficiency, and
therefore plant biomass (Takashima et al., 2004). Previous studies ob-
served that invasive plants often exhibit higher above-ground biomass
5

than native plants, while below-ground biomass does not differ be-
tween them (te Beest et al., 2009; Fraterrigo et al., 2011). The strategy
of N allocation observed in the studied invasive plants provides amech-
anistic explanation for the higher above-ground biomass of invaders
compared to native plants (Fraterrigo et al., 2011) and on the higher N
competitiveness of invasive plants (Pattison et al., 1998).

4.2. Leaf-root N allocation and assimilation between native plants under in-
vasion and no invasion

Compared with the same species under no invasion, most native
plants under invasion had increased N in both leaves and roots
(Fig. 3). This is evidence for increased N uptake of native plants under
invasion (Laungani and Knops, 2009). Interestingly, most native plants
under invasion showed increased Nleaf/Nroot values, suggesting that
they allocated more N to leaves than to roots relative to natives under



Fig. 3.Mean differences of Nleaf (a), Nleaf-NH4+ (b), Nleaf-NO3- (c), Nroot (d), Nroot-NH4+ (e), and Nroot-NO3- (f) of native plants between invasion and no invasion. The difference values were
calculated using values under invasion (n = 1–6) minus mean values of the same species under no invasion (detailed in Fig. S2). The bars and whiskers are mean and SD values,
respectively. The positive and negative values denote increases and decreases in N concentrations for natives under invasion, respectively. The number above each column represents
the species number with increases or decreases in N concentrations. Nleaf-NH4+, Nleaf-NO3-, Nroot-NH4+, and Nroot-NO3- are leaf and root N concentrations contributed by soil NH4

+ and
NO3

−, respectively.
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no invasion (Fig. s2). This strategy resembled the N allocation strategy
of invasive plants. In this study, soil N availability was generally high
(Hu et al., 2019). Hence, more N allocation to photosynthetic organs oc-
curred to support the growth of aboveground organs, the competitive-
ness of invasive, and the coexistence of native plants (Fortunel et al.,
2012). This also explainswhy native plants under invasion could coexist
and maintain similar above-ground biomass with those under no inva-
sion (Feng et al., 2009). Conversely, Fraterrigo et al. (2011) observed
that native plants under invasion allocated more N to roots than to
leaves under lowN supply, probably to promote root growth and simul-
taneously enhance the competition for soil N resources (Poorter et al.,
2012). Increased N allocation to leaves of native plants under invasion
occurred to adapt N availabilities and intensified N competition (Feng
et al., 2009; Laungani and Knops, 2009).

Calculated results of soil NH4
+ and NO3

− contributions (detailed in
Methods) further showed that Nleaf-NH4+ and Nroot-NH4+ increased for
most native plants under both A. adenophora and C. odorata invasion
(Figs. 3, s2). However, Nleaf-NO3- and Nroot-NO3- increased only for some
Table 2
Estimated ƒleaf-NH4+, ƒroot-NH4+, Nleaf-NH4+, Nleaf-NO3-, Nroot-NH4+, and Nroot-NO3- of A. adenophora
under A. adenophora invasion (n = 39) and C. odorata invasion (n = 45) in Xishuangbanna, S
the mean values of the same row indicate significant differences at the level of p < 0.05.

Variables No invasion A. adenophora invas

Natives A. adenophora

ƒleaf-NH4+ (%) 51.2 ± 8.4 65.1 ± 14.6
ƒroot-NH4+ (%) 25.5 ± 9.2 30.3 ± 10.3
Nleaf-NH4+ (mg/g, dw) 5.4b ± 2.4 15.0a ± 4.7
Nleaf-NO3- (mg/g, dw) 5.3b ± 2.7 7.7a ± 2.8
Nroot-NH4+ (mg/g, dw) 1.6b ± 1.0 1.6b ± 0.8
Nroot-NO3- (mg/g, dw) 4.3ab ± 1.6 3.4b ± 0.8
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natives under the A. adenophora invasion and even decreased for most
natives under the C. odorata invasion (Figs. 3, s2). In general, our
results therefore suggest that most of the native plants under invasion
showed higher assimilation of N derived from soil NH4

+ in both leaves
and roots, which is the major reason for elevated N concentrations for
native plants under invasion. Increased NH4

+ assimilation of most
native plants facilitated their coexistence (Rossiter-Rachor et al.,
2009). Differently, their NO3

− assimilation either increased to meet
higher N demands under invasion or decreased because the enhanced
NH4

+ assimilation has already fulfilled increases in N demands (Bueno
et al., 2018). Our results thereby provide new evidence for understand-
ing plant co-occurrence in invaded ecosystems.

5. Conclusions

This work establishes a new framework using natural isotope
methods to evaluate contributions of NH4

+-derived and NO3
−-derived

N to the total N assimilation in leaves and roots of plants, which can
(n = 6), C. odorata (n = 6), native plants under no invasion (n = 59), and native plants
W China. Values of mean ± SD (standard deviation) are shown. Different letters behind

ion C. odorata invasion

Natives C. odorata Natives

51.7 ± 8.7 61.8 ± 10.8 58.1 ± 11.2
22.7 ± 13.3 24.6 ± 10.7 38.8 ± 13.5
6.4b ± 3.0 15.3a ± 4.8 7.4b ± 4.1
6.1b ± 3.0 9.1a ± 2.3 5.1b ± 2.6
1.4b ± 1.1 1.9b ± 0.8 2.8a ± 1.5
4.5ab ± 1.9 5.9a ± 2.2 4.3ab ± 2.3



Fig. 4. Mean contributions of N derived from soil NH4
+ and NO3

− to total N in leaves and
roots of different plants in an invaded ecosystem, SWChina.Mean values of fractional con-
tributions and N concentrations were calculated based on data in Tables 1 & 2 for all na-
tives under no invasion (green fonts), all natives under invasion (blue fonts), and two
invaders (red fonts).
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be extended to broad terrestrial plants. Invasive plants allocated more
NO3

−-derived and NH4
+-derived N to leaves than native plants, while

the N allocation to roots did not differ between invasive and native
plants (Fig. 4).Most native plants under invasion increased theN assim-
ilation in both leaves and roots, with more increases in leaves than in
roots and in NH4

+ than in NO3
− assimilation (Fig. 4). Preferential N allo-

cation, dominated by NH4
+-derived N, to leaves over roots was revealed

as a crucial N-use strategy for invasive plants and coexisting native
plants,whichmight be anunderlyingmechanism for these plant species
to optimize their N acquisition and to improve/maintain their produc-
tivity under invasion. In addition, invasive plants havemore advantages
in intra-plant N allocation than native plants, whichwould promote the
expansion of the invasive plants in response to environmental N
loading.
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