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Abstract: Survival competition caused by limiting nutrients is often strong between invasive and
native plant species. The effects of plant invasion on nutrient uptake in plant growth remain largely
unclear. Clarifying how invasive plants affect N uptake by natives will provide a better understanding
on mechanisms responsible for plant invasion. A °N-labeling experiment was conducted using two
common invasive species (Alternanthera philoxeroides (Mart.) Griseb. and Wedelia trilobata (L.) Hitchc.)
and their native congeners (A. sessilis (L.) DC. and W. chinensis (Osbeck.) Merr.) to examine their
growth and uptake of NH4*, NO3~, and glycine when grown in monocultures and mixed cultures.
All plants were grown in a greenhouse for 70 days for labelling and biomass measurements. The
main factor affecting N uptake by the four species was the form of N, rather than species identity.
In all of the species, the most N was taken up in the form of NH,*, followed by NO3~ and glycine.
The two invasive species grew faster, with stable N-uptake patterns despite more moderate uptake
rates of N than the native species. Native species were strongly affected by the invasive species. The
presence of invasive species caused the N-uptake rates of the natives to be reduced, with altered
N-uptake patterns, but did not substantially alter their growth rates. Native species reduced their
N-uptake rates but increased N-use efficiency through altering N-uptake patterns in the presence of
invasive plants. Such a flexible N-uptake pattern could be an important survival strategy for native
plants in competition with invaders.

Keywords: '°N labelling; N-uptake pattern; invasive species; native species; resource competition;
survival strategy

1. Introduction

Invasion by exotic plants can have severe impacts on the species composition and structure of
communities [1,2], and on the growth and development of native flora [1]. It has caused a large decline
in species richness and is still a big threat to many ecosystems including tropical and subtropical
forests [3]. The effects of plant invasion on native plants are partly due to competition for limited
resources between natives and non-natives [4,5], especially for the limited nutrients that are essential
for plants to grow [6]. The effects of plant invasions on native plant growth—for example, non-native
shrub Spartium junceum L. promotes aboveground biomass of native vegetation, whereas invasive grass
Phalaris arundinacea L. reduces the biomass of native Carex hystericina Muhl.—are well documented [7,8].
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However, it remains largely unknown how plant invasion affects nutrient uptake by native species and
how it relates to their plant growth.

As a major component of nucleic acids and proteins, nitrogen relates to plant growth, development,
and reproduction [9]. However, N-limitation is a major factor limiting plant growth in most terrestrial
ecosystems [10]. Therefore, N uptake by plants is crucial for their growth, especially when species are
growing together. With the exception of some plant species that use atmospheric N; via symbiotic
rhizobia, most plants take up mineral N in the form of ammonium (NH,) and nitrate (NOj3), and
organic N in the form of amino acids from the soil solution via their roots or associated fungi [11-13].
This process differs between plant species and can be modified by neighbouring species [14-16].
A neighbouring plant can influence the N-uptake preference of a target species (such as from preference
for NOj to preference for NHy, or from preference for NOj3 to no preference) and enhance or reduce
their N uptake rate [15,17-19]. The alterations in N uptake by plants can subsequently alter their
growth-related metabolism and traits, such as photosynthetic rate, leaf area and biomass, but the
performance varies among species [20-23]. This indicates that N uptake by native species may differ
depending on the presence or absence of invasive species, and the potential differences may be the
reason for their growth changes. Thus, assessing the effects of plant invasions on the N-uptake patterns
and growth performances of native and invasive species could offer great insights into the underlying
mechanisms of plant invasions. However, to date, few studies have investigated the effects of plant
invasions on N-uptake patterns.

To explore how invasive plants affect the uptake of organic and mineral N by natives, we conducted
a 1°N-labeling experiment in greenhouse conditions with two typical invasive species, Alternanthera
philoxeroides (Mart.) Griseb. (Amaranthaceae) and Wedelia trilobata (L.) Hitchc. (Asteraceae), and two
native congeners, A. sessilis (L.) DC. and W. chinensis (Osbeck.) Merr., as the target plant species that
commonly co-occur in the wild in southern China. We examined the uptake of NH;*, NO;~, and
glycine by these species in both monoculture and mixed culture environments. We aimed to test the
hypotheses: (1) The native species can change their N-uptake patterns in response to the presence of
invasive species; (2) The extent of this change depends on species identity.

2. Materials and Methods

2.1. Target Species

In this study, we selected two widespread invasive species, Alternanthera philoxeroides and Wedelia
trilobata, and their native congeners, A. sessilis and W. chinensis (Table 1). Alternanthera philoxeroides is
native to South America, and W. trilobata is native to North and South America; both species are known
to be highly invasive. Alternanthera philoxeroides has invaded all continents except Africa and Europe;
it grows in a wide range of habitats, from dry terrestrial to aquatic ecosystems [24]. Wedelia trilobata is
widely distributed in tropical areas and is listed as one of the worst invasive alien species [25]. Both
invasive species are potential threats to tropical and subtropical forests because the warm and wet
climate in these ecosystems is suitable for the growth of the two species. Alternanthera sessilis and
W. chinensis are native to China and are not invasive. All four species are perennial herbs and clonal
plants which reproduce mainly by their creeping stems.

Alternanthera philoxeroides and A. sessilis were collected in May 2011 and in Zhejiang Province,
and W. trilobata and W. chinensis were collected in July 2009 and in Guangdong Province, China. Five
individual ramets of each species were collected from individuals at least 10 m apart, in each of the
two populations of each species. Using vegetative propagation, we selected plants of similar size and
cultivated them in a greenhouse at the Forest Science Company of Beijing Forestry University.
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Table 1. Native and invasive species selected to assess the effects of plant invasion on N uptake of plant
species in the 1°N-labeling experiment.

Family Species Status Native Range Habitat
A th Alternanthera philoxeroides  Invasive  South America  Canals, wetlands, nearby fields
maranthaceae Alternanthera sessilis Native Asia, Africa Moist habitats
o . North and Moist grasslands, edges of
Asteraceae Wedelia trilobata Invasive South America canals, roadsides

Moist grasslands, edges of

Wedelia chinensis Native sia canals, roadsides, crop fields

2.2. Experimental Design

In May 2014, 100 microcosms were constructed using four individual ramets per microcosm
(Figure 1). For the monocultures, each of the four species was represented by 12 replicates, making a
total of 48 microcosms (4 species X 12 replicates). For the mixed cultures, one invasive species and one
native species (two species, and two ramets of each species) was selected per treatment, also producing
48 microcosms (4 mixtures X 12 replicates). Four microcosms with one ramet of each species were used
for the control culture to measure the natural abundance of N for the calculation of atom% excess 1°N.

Mono- A A O O
cultures A A o 0
Mixed
cultures

A Alternanthera philoxeroides (invasive)
Control A Alternanthera sessilis (native)
culture (@) Wedelia trilobata (invasive)

[ ] Wedelia chinensis (native)

Figure 1. Schematic illustration of culture treatments (monocultures, mixed cultures, and control)
including two invasive species (Alternanthera philoxeroides (Mart.) Griseb. and Wedelia trilobata
(L.) Hitchc.) and two native species (A. sessilis (L.) DC. and W. chinensis (Osbeck.) Merr) used in
this experiment.

The experiment was carried out using a pot (50 cm and 30 cm, height and inner diameter
respectively) setup. The containers were filled with a 1:1 mixture of washed river sand and peat
moss (Pindstrup Substrate, Pindstrup Mosebrug AS, Denmark). The substrates were common in
cultivated experiments and constructed a moderate N environment. All plants were grown in the same
greenhouse conditions: air temperature ranged from 27 °C to 36 °C, and relative humidity ranged from
40% to 60%. The conditions were maintained during both the cultivation and experimental periods.
The plants were watered daily with tap water and no extra minerals were added.

After growing for 70 days, on 2 July 2014, 12 replicates in each treatment were randomly subjected
to the addition of NH4-°N (99.2%), NO3-1°N (99.2%), or glycine-lSN (98.7%). There were four replicate
microcosms for each N chemical form treatment. The labelling solutions contained 78 mg N L1, each
providing the same amount (26 mg N L) of NH,-N, NO;-N, and glycine-N; in each solution, only
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one N chemical form was labelled with '>N. The N solution (4 mL) was sprayed uniformly on the soil.
The amount of N supplied was equal to 3.9 pug N g~! dry weight (d.w.) soil, or ~10% of the average
mineral N concentration in this soil type.

2.3. Sampling and Isotope Analysis

Plant and soil samples were collected 2 h after >N labelling, considering the rapid turnover of
amino acids in soil [26]. Plant shoots and roots were harvested, rinsed with water, soaked in 0.5 mM
CaCl, solution for 30 min, and rinsed with distilled water to remove the 1°N adsorbed on the surface
of the roots. Shoots and roots of the specimens were carefully separated. Soil was transferred to the
laboratory within 30 min and processed immediately.

Shoots and roots were dried at 70 °C for 48 h, weighed to measure the biomass, and then ground
into a fine powder using a ball mill (MM400, Retsch, Haan, Germany). A subsample of 2 mg of this
powder was used to measure total N, and atom% >N was determined using an isotope ratio mass
spectrometer with a Flash EA1112 and Conflo IIl interface (MAT 253, Finnigan MAT, Bremen, Germany).

The fresh soil was sieved to measure moisture content, mineral N (NH4* and NO3;~), and
glycine. The soil moisture content was measured using the oven drying method (dried at 80 °C). Soil
samples were extracted with 0.05 mol L~! K,SO, and shaken. The filtered extracts were measured for
NH4* and NO;3;~ concentrations using an auto-analyser (AA3, SEAL, Norderstedt, Germany). Soil
glycine concentrations were measured in the extracts by high-performance liquid chromatography
(Ultimate3000, Thermo fisher, Waltham, MA USA; API 3200 Q TRAP, Agilent, Lexington, MA USA).

2.4. Data Analysis

Atom% excess >N (APE) was calculated as the atom% 1°N difference between plants from the
15N-added plots (atom% ®N,ggeq) and plants from the control plots (atom% *Neongror). For each
species, the 1°N uptake rate (ug °N g~! d.w. root h™!) was calculated by multiplying the N content
(umol N g_l), APE (%), relative molecular mass of °N (g mol™), and total plant biomass (g), and then
dividing by root mass (g) and time (h). Actual N uptake from soil by plants (ug N g‘l d.w. rooth™1)
was calculated by multiplying the >N-uptake rate by the corresponding N pool (i.e., NH4*, NO3~,
or glycine) in soil, divided by the total amount of 1°N added [27,28].

We used one-way analysis of variance (ANOVA) followed by Duncan tests to examine the
differences in total biomass among the four target species. Two-way ANOVA was used to test the
effects of species identity, N form (NH;*, NO3~, and glycine), and their interactions on the N-uptake
rate, followed by a Duncan test to compare individual means. One-way ANOVA was used to examine
the differences in soil mineral N contents between monocultures and mixed cultures. The analyses
were conducted using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Effects were considered to be significant
atp <0.05.

3. Results

The total (above + belowground) biomass of the invasive plants was much higher than that of
the congeneric native species in both monocultures and mixed cultures (Figure 2). Both above and
belowground mass showed the same trends as the total biomass [29]. Among culture treatments,
the biomass of invasive A. philoxeroides in the mixtures was significantly higher than that in the
monocultures. The biomass of native A. sessilis in the mixture with W. trilobata was more than twice that
grown in monoculture. There was no significant difference in the biomass of W. trilobata or W. chinensis
between monoculture and mixed culture treatments. In general, the biomass was not lower in the
mixed cultures than in the monocultures for either the invasive species or the natives.
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Figure 2. Total (above + belowground) biomass of the four plant species: Alternanthera philoxeroides
(Ap) (invasive), A. sessilis (As) (native), Wedelia trilobata (Wt) (invasive), and W. chinensis (Wc) (native).
The plants were grown in monoculture, or mixed with individuals of different origin, as indicated. Bars
and error bars indicate means + standard errors (SE) (n = 12). Bars with the same lowercase letter are
not significantly different at p < 0.05.

In monocultures, the two invasive species (A. philoxeroides and W. trilobata) had similar N-uptake
rates, which were lower than that of native A. sessilis but higher than that of native W. chinensis
(Figure 3). Mixed culture did not alter the content of mineral N in soil or the relative magnitude of N
uptake by the four species (Table 2, Figure 3). The N-uptake rate of invasive A. philoxeroides did not
differ significantly between monocultures and mixed cultures. However, the N-uptake rates of the two
native species (A. sessilis and W. chinensis) decreased when in competition with A. philoxeroides. The
N-uptake rate of invasive W. trilobata was lower when in competition with the other species, and in
turn also greatly reduced the N-uptake rates of native A. sessilis. Overall, the native species had lower
N-uptake rates in three of the four mixtures with the invasive species than in monocultures.

The identity of the neighbouring species had no significant effect on the N-uptake rates by plants,
except in the case of W. trilobata, whereas N-uptake rates were significantly different across all N forms
for both native and invasive species (Table 3). There was no interaction between species identity and
N form in their effects on plant N uptake. These results emphasize the importance of N forms for N
uptake by plants.
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Figure 3. Effects of culture treatments on N uptake by plants: Alternanthera philoxeroides (Ap) (invasive),

A. sessilis (As) (native), Wedelia trilobata (Wt) (invasive), and W. chinensis (Wc) (native). The plants were

grown in monoculture, or mixed with individuals of different origin. Bars and error bars indicate

means + SE (n = 4). Bars with the same lowercase letter are not significantly different at p < 0.05.

Table 2. Effects of culture treatments on the soil mineral N contents of invasive species Alternanthera

philoxeroides and Wedelia trilobata, and native species A. sessilis and W. chinensis. The plants were grown

in monoculture, or mixed with individuals of different origin.

Species NH4* NOs~
F3 36 P F |4
A. philoxeroides 1.44 0.249 1.18 0.330
W. trilobata 0.60 0.617 0.96 0.424
A. sessilis 143 0.249 0.83 0.485
W. chinensis 0.68 0.570 1.15 0.341

Table 3. ANOVA results for the effects of species identity, N form, and their interactions on N uptake

rate by four species: Alternanthera philoxeroides (invasive), Wedelia trilobata (invasive), A. sessilis (native),

and W. chinensis (native). The plants were grown in monoculture, or mixed with individuals of

different origin.

Species Species Identity N Form Interaction
F18 P F p F p
A. philoxeroides 2.0 0.164 27.6 <0.001 0.7 0.608
W. trilobata 4.4* 0.028 49.0 <0.001 1.8 0.167
A. sessilis 1.1 0.372 74.5 <0.001 0.6 0.656
W. chinensis 1.5 0.248 15.0 <0.001 0.8 0.519

Values in bold indicate significant differences at p < 0.05.
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In monocultures, all four plant species showed the same N-uptake patterns for the three N forms,
with the highest preference being for NH, ", and a lower preference for glycine than for NO;~ (Figure 4).
The competition with invasive A. philoxeroides increased the uptake rate of glycine but reduced the
uptake rate of NO;™ in A. sessilis, and greatly increased the uptake rate of NO3~, but significantly
reduced the uptake rate of NH4* in W. chinensis. The competition with W. trilobata significantly reduced
the glycine uptake rates of the two native species (Figure 4). Overall, the contributions of the three N
forms in the invasive species (A. philoxeroides and W. trilobata) were similar in the absence and presence
of native plants, whereas the two native species (A. sessilis and W. chinensis) altered their N-uptake
patterns in the presence of the exotic neighbours.
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Figure 4. Patterns of N uptake for invasive species, Alternanthera philoxeroides (Ap) and Wedelia trilobata
(Wt), and native species, A. sessilis (As) and W. chinensis (Wc). The plants were in monoculture, or mixed
with individuals of different origin. Bars with the same lowercase letter are not significantly different at
p <0.05.

4. Discussion

Using a 1°N-labeling experiment in a greenhouse, we compared the biomass and N uptake between
invasive (A. philoxeroides and W. trilobata) and native (A. sessilis and W. chinensis) plants when grown as
monocultures, and the differences in growth and N uptake of these species between monocultures
and mixed cultures. The results showed that native plants altered their N-uptake patterns, reduced
their N-uptake rates, but maintained their biomass in the presence of invasive species. These results
confirm our first hypothesis and highlight the important role of N uptake to growth in plant invasion.
Determining the N uptake and growth performance of these plants provides a better understanding of
the differences between invasive and native species and the impacts of plant invasion on natives, both
externally (in terms of biomass) and internally (in terms of N uptake).
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The higher biomass of the invasive species in both monocultures and mixed cultures indicated
that the invasive species grew faster and with stronger competitive ability than their native congeners
that we studied. This result is similar to previous observations in the wild [30,31]. The differences
in growth rates between native and non-native plants may be a result of different physiological,
ecological, and functional characteristics [32]. Most invasive species have fast growth rates and a large
biomass [30,31,33,34], which may enable the invaders to dominate in their competition with native
species and to take up more N via their larger roots [29].

The N-uptake rates of the invasive species were intermediate compared with those of the native
plants. It is noteworthy that the order of N-uptake rates by four species were inconsistent with their
order of total biomass. This lack of association between N-uptake rate and biomass implies that the two
invasive species had higher N-use efficiency than the native species, as is common in other invasive
plants [34,35]. Higher N-use efficiency rather than faster N-uptake rate appears to be a strategy that
enables these invasive species to be more competitive than the natives.

Numerous studies have shown that plant N uptake is related to species identity, to N form, and
to N content [14,16,36,37]. In the current study, we found that N form was the major factor affecting
plant N uptake, while species identity had a more variable influence across the four observed species.
This finding is similar to the results reported by Miller et al. for an alpine dry meadow, where N form
significantly affected 1°N uptake by all plants whereas neighbour identity only affected >N uptake by
one out of three species [15]. All four species preferentially took up NH,*, with intermediate uptake of
NOs;~, and a lower uptake of glycine. The N-uptake rates from different N forms depend on differences
in the availability and content of the N forms in the soil [36], energy consumption of N uptake, and
pathways of N assimilation used by plants [38]. The order of N-uptake preference of these species
matches the order of the amounts of each N source in the soil (NH4* and NO;~ > glycine, in this
experiment) and the amount of energy required for N assimilation (NO3~ > NH4*, [39]). Overall, both
native and non-native plants had the same N-uptake pattern, especially in monocultures, which may
relate to the same functional groups of all species in our study.

Hewins and Hyatt concluded that flexible N uptake mechanisms of invasive Alliaria petiolata
under various N environments might assist its invasion in forests of eastern North America [40].
In our study, under the same environment, invasive W. trilobata had lower N uptake when grown in
mixed cultures with the natives, whereas invasive A. philoxeroides had a similar N uptake under both
conditions compared with N uptake in monocultures. However, the two invasive species showed
the same N-uptake pattern between monocultures and mixed cultures. The more stable N-uptake
pattern of the invasive species may be due to their dominant position in competition with the natives.
This suggestion is supported by our finding that the invasive plants were able to maintain their rapid
growth in a co-occurring environment.

In contrast, native species were strongly affected by the invasives, i.e., natives showed altered
patterns of N-uptake forms and reductions in N-uptake rates. The decrease of N uptake of the
natives provides evidence of the strong N competition between the native and invasive plants, and the
competitive disadvantage of native species. Moreover, the changes in N-uptake patterns by native
plants confirmed our first hypothesis that the N-uptake patterns of the natives can change in response
to the presence of invasive species. Although the altered N-uptake patterns of the two natives differed
among the four mixtures with the invasives, these differences nonetheless indicate the importance of
species identity.

The alterations in N-uptake patterns by native plants may be a result of the absorption of specific,
preferred N forms by the invasive species; of the production of secondary compounds by the invasive
species that disrupt other species [40,41]; or of plant-microbe-soil interactions that affect the availability
of N in the soil [41-43]. In our study, the soil mineral N did not differ significantly between the
microcosms of native and invasive plants in both monocultures and mixed cultures. More importantly,
the biomass of the natives was not lower in the presence of invasive plants. These lines of evidence
suggest that the changes in N uptake by native plants are not necessarily driven by the invasive species,
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or affected by altering the availability of N in the soil. Rather, the shifts in N-uptake patterns may
represent an adaptive strategy of the natives. Some plants show diverse N-uptake strategies between
isolated culture and competitive environments to facilitate their coexistence [44—46]. Here, we found
similar variation in the N-uptake patterns of native species in monocultures and in competition with
invasive plants, as expected. Therefore, flexibility in N uptake could represent a strategy of the native
plants to survive under exotic plant invasion. Although the two native species had lower N-uptake
rates, they showed equal or even better growth rates and higher N use efficiencies in the presence of
invasive species.

Although the glycine used in our study was only °N-labeled (rather than 3C- and °N-labeled),
given its low concentration in soil and low uptake rate by plants, this is not expected to have affected the
N uptake exhibited by the plants in our study. Invasive species contribute greatly to species and habit
loss worldwide. Conservation and monitoring strategies rely heavily on a strong understanding of the
factors that mediate interactions between natives and invasives. Long-term and in-situ experiments
are encouraged to further test whether such flexible N uptake could help native plants survive over
a longer period. For example, if some tree species have flexible N uptake, they may have a higher
chance of survival because tree seedlings usually grow slower than a large number of invasive species
which rely more on stolon reproduction.

5. Conclusions

Our findings suggest a possible survival strategy of native plants in response to exotic plant
invasion. The invasive plants had a larger biomass and more stable N uptake than the natives,
indicating their competitive advantage. The native species were strongly affected by the N competition
with the invasives so that the N-uptake rate of the natives declined significantly. However, native
plants had equal or even larger biomass in mixed cultures with the invasives than in monocultures.
This growth performance may be due to the alterations in N-uptake patterns of the natives. Overall,
our study reveals a clear plasticity of N uptake by native plants and improves our understanding of
the role of nutrient uptake in survival competition between invasive and native species.
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