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* Background and Aims Knowledge of plant resource acquisition strategies is crucial for understanding the
mechanisms mediating the responses of ecosystems to external nitrogen (N) input. However, few studies have
considered the joint effects of above-ground (light) and below-ground (nutrient) resource acquisition strategies
in regulating plant species responses to N enrichment. Here, we quantified the effects of light and non-N nutrient
acquisition capacities on species relative abundance in the case of extra N input.

* Methods Based on an N-manipulation experiment in a Tibetan alpine steppe, we determined the responses of spe-
cies relative abundances and light and nutrient acquisition capacities to N enrichment for two species with different
resource acquisition strategies (the taller Stipa purpurea, which is colonized by arbuscular mycorrhizal fungi, and the
shorter Carex stenophylloides, which has cluster roots). Structural equation models were developed to explore the rela-
tive effects of light and nutrient acquisition on species relative abundance along the N addition gradient.

* Key Results We found that the relative abundance of taller S. purpurea increased with the improved light ac-
quisition along the N addition gradient. In contrast, the shorter C. stenophylloides, with cluster roots, excelled in
acquiring phosphorus (P) so as to elevate its leaf P concentration under N enrichment by producing large amounts
of carboxylate exudates that mobilized moderately labile and recalcitrant soil P forms. The increased leaf P con-
centration of C. stenophylloides enhanced its light use efficiency and promoted its relative abundance even in the
shade of taller competitors.

* Conclusions Our findings highlight that the combined effects of above-ground (light) and below-ground (nu-
trient) resources rather than light alone (the prevailing perspective) determine the responses of grassland commu-
nity structure to N enrichment.
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nity structure.

INTRODUCTION

The amount of reactive nitrogen (N) input to terrestrial eco-
systems has dramatically increased over time due to intensified
human activities (e.g. agricultural fertilization) and continuous
atmospheric N deposition (Galloway et al., 2008). Reactive
N enrichment can directly affect ecosystem functions such as
gross primary productivity and the carbon (C) cycle by altering
plant physiology and soil biogeochemistry (Manning et al.,
2006; Zhang et al., 2019). Indirectly, external N input-induced
changes in community structure, such as altered community
composition and decreased species diversity, can also mediate
the trajectories of ecosystem functions under N enrichment
(Manning et al., 2006). Considering that the indirect effects of
reactive N inputs on community structure might even dominate
ecosystem responses (Hooper et al., 2012), our knowledge of
the dynamics of community structure and the associated mech-
anisms is crucial for accurately predicting the responses of eco-
system functions to N enrichment.

During the last few decades, many studies have been con-
ducted to investigate the effects of external N inputs on com-
munity structure and composition as well as the underlying
mechanisms (Hautier ef al., 2009; Borer et al., 2014; Dickson
et al., 2014; DeMalach et al., 2017; Tian et al., 2020). These
studies highlighted that aggravated light competition was the
primary driver of the contrasting responses of various spe-
cies to N enrichment (Dickson et al., 2014; DeMalach et al.,
2017; Xiao et al., 2021). Considering that light is a unidirec-
tional (decay from the top of the canopy to the bottom) and
size-asymmetrical (taller individuals receive more light per unit
of size than shorter individuals) resource (Onoda et al., 2014),
N inputs would favour tall species, as they can compete for
light effectively (Tilman, 1987; Dickson et al., 2014; Gross and
Mittelbach, 2017). Meanwhile, the light deficiency induced by
the shadow of tall species would suppress the biomass and rich-
ness of short species (Dickson et al., 2014; DeMalach et al.,
2017). However, none of these studies has quantified the amount
of light acquired by various species, which leaves unexplored
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the fundamental linkages between the responses of species rela-
tive abundance to N enrichment and plant light acquisition cap-
acity. Moreover, N-induced increases in leaf area and specific
leaf area (Zhang et al., 2019) would also favour light acquisi-
tion by short species even when being shaded by their taller
competitors (Hirose and Werger, 1995; Kohyama and Takada,
2009; Onoda et al., 2014). For this reason, the accurate quan-
tification of the amount of light acquired by various species is
essential for better exploring the mechanisms underlying the
fates of various species under N enrichment.

Apart from increasing light acquisition, plants would cope
with N-induced light competition by altering their acquisition
of non-N nutrients [e.g. phosphorus (P) and some micronu-
trients] due to the strong regulation of light use efficiency by
leaf nutrient status (Wright et al., 2004). However, few studies
have focused on the different trajectories of leaf non-N nutrient
concentrations among different species under N input. Taking
leaf P concentration as an example, the prevailing perspective
suggests that leaf P concentration would decline under external
N input due to the imbalance between the N-induced increase
in plant P demand and the elevated soil P supply as a result
of the enhancement of root and soil phosphatase activity (Li
et al., 2016; Deng et al., 2017). In addition to secreting phos-
phatase, plants could also acquire P by altering their P resorp-
tion, mycorrhizal colonization, root morphology, root vitality,
root carboxylate exudation and utilization of different soil P
fractions (Shen et al., 2011; Lambers et al., 2015; Yu et al.,
2020). More importantly, these P acquisition strategies could
allow some species (e.g. plants with cluster roots) to acquire P
effectively even under P-poor conditions (Vance et al., 2003)
and further induce different responses to N enrichment in the
leaf P concentrations of various species. However, to date few
studies have quantified the differences in these nutrient acqui-
sition strategies among species and considered the combined
effects of above-ground (light) and below-ground (nutrients)
resource acquisition in regulating the responses of species rela-
tive abundance to N enrichment.

To fill this knowledge gap, we explored the effects of N input
on species relative abundance, light acquisition and leaf nu-
trient concentrations of two species with different resource ac-
quisition strategies [the taller, dominant species Stipa purpurea,
which is colonized by arbuscular mycorrhizal fungi (AMF),
and the shorter subordinate species Carex stenophylloides,
which has cluster roots] and quantified the linkages between
species relative abundance and above-/below-ground resource
acquisition in a Tibetan alpine steppe. We also examined the
relationship between species relative abundance and resource
acquisition for two extra species (subordinate species Poa
poophagorum and subordinate species Potentilla multifida)
whose relative abundance declined under N enrichment. To fur-
ther investigate the drivers of the contrasting resource acquisi-
tion trends of S. purpurea and C. stenophylloides, we measured
a series of plant and soil parameters, including plant height,
leaf and root morphology, mycorrhizal colonization, root vi-
tality, root extracellular enzyme activity, root carboxylate ex-
udation, leaf nutrient resorption efficiency and rhizosphere
soil nutrient status. The aim of our study was to explore the
mechanisms underlying the species-specific responses of plant
relative abundance to N enrichment. We hypothesized that

above-ground (light) and below-ground (nutrients) resource ac-
quisition would co-determine the effects of N input on species
relative abundance. Specifically, plants would invest additional
N in shoot growth and further acquire more light. Species rela-
tive abundance would then increase with the improved light
acquisition. Meanwhile, both S. purpurea (colonized by AMF)
and C. stenophylloides (with cluster roots) might alter their nu-
trient acquisition traits (e.g. synthesizing and secreting more
phosphatase and carboxylates) to take up more non-N nutrients
and thus enhance leaf nutrient concentrations. The increased
leaf nutrient concentrations would then promote species rela-
tive abundance, even under a strong light competition scenario.

MATERIALS AND METHODS

Site description and experimental design

The study was carried out in an alpine steppe (37°18" N,
100°15” E; 3290 m a. s. 1.) located on the north-eastern Tibetan
Plateau, China. The study site experiences an alpine contin-
ental climate in which cold and dry winters alternate with rela-
tively warm and wet summers. The mean annual temperature
is 0.08 °C, with average precipitation of ~390 mm, falling pre-
dominantly in May—September. The local vegetation is com-
posed of the dominant species (relative abundance >20 %; Ye
et al., 2018) Stipa purpurea, subordinate species (relative abun-
dance between 1 % and 20 %; Sanchez-Castillo et al., 2008),
including Carex stenophylloides, Poa poophagorum, Leymus
secalinus, Agropyron cristatum, Potentilla multifida and
Heteropappus altaicus, and several rare species (relative abun-
dance <1 %; Mouillot et al., 2013), including Dracocephalum
heterophyllum, Leontopodium nanum and Potentilla bifurca.
The soil type is a Haplic Calcisol according to the FAO clas-
sification system, with 11.6 + 3.6 mg kg~! of inorganic N (ex-
tracted by 1 m KCl) and 2.2 + 0.3 mg kg! of Olsen-P (labile
inorganic P extracted by 0.5 m NaHCO,) in the top 30 ¢cm of
soil (Peng et al., 2017). This alpine steppe was historically used
as a winter pasture for sheep, and no additional management
practices (such as fertilization or irrigation) were applied before
our experiment.

We fenced the experimental field (0.5 ha) and established the
N manipulation experiment in May 2013. The experiment was
set in a randomized complete block design, with five blocks
(isolated by buffer zones of 2 m) and eight N treatments (0,
1,2, 4,8, 16, 24 and 32 g N m~? year™!). The N treatments
ranged from N limitation to N saturation, which may occur at
~15 g N m™? year™! in grassland ecosystems around the world
(Peng et al., 2020). Considering that the N saturation threshold
appears to be ecosystem-dependent [e.g. the results from an al-
pine meadow on the Tibetan Plateau showed that below-ground
net primary productivity first increased and then decreased at
24 ¢ N m? year”' (Wang er al., 2019), while the addition of
10 g N m~? year™! had a weak effect on most functional traits
in Konza Prairie (La Pierre and Smith, 2015)], we established
this N addition gradient (eight N levels up to 32 g N m= year™")
to ensure that non-linear responses would be included and that
the saturation threshold would be detected. In each block, the
eight N addition levels were randomly assigned to 6 X 6-m?
plots (isolated by buffer zones of 1 m). The N fertilizer applied
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to a targeted plot was divided into five equal parts, and each
part was dissolved in 10 L of water and evenly sprinkled on
the corresponding plot at the beginning of each month during
the growing season (May to September). Each control plot also
received 10 L of water without N. The confounding effect of
water addition could be ignored since it was equivalent to an
addition of only 1.5 mm year™' of rainfall and accounted for
~0.4 % of the annual precipitation (Zhang et al., 2019).

Species relative abundance, light acquisition and leaf nutrient
concentration measurements

The relative abundances of S. purpurea, C. stenophylloides,
P. poophagorum and P. multifida were determined in mid-August
2016. Specifically, we recorded the species richness and the number
of individuals per species (i.e. the abundance of the targeted species)
based on a permanent 1 x 1-m? quadrat. The species relative abun-
dance was then calculated as the ratio of the number of individuals of
a species to the number of individuals within the quadrat.

To quantify the light acquisition of S. purpurea,
C. stenophylloides, P. poophagorum and P. multifida, we div-
ided the canopy into several layers (equal to the number of
species) according to the maximum vegetative height of the
different species in each plot (Supplementary Data Fig. S1A).
We then calculated the amount of photosynthetically active ra-
diation (PAR; 400-700 nm waveband) acquired by each spe-
cies using the following formula (Anten and Hirose, 1999;
Kamiyama et al., 2010):

PAR; = iPARij
J

where PAR, is the amount of PAR acquired by species i in the
whole canopy (pmol photons m™ s™'), PAR, is the PAR ac-
quired by species i in layer j (umol photons m~2 s™!) and n is the
number of layers (i.e. the number of species). PAR was quan-
tified using the following equation (Hirose and Werger, 1995;
Anten and Hirose, 1999; Kamiyama et al., 2010):

where PAR. is the PAR absorbed by layer j (umol photons
m™s7™"), LA_is the leaf area of species i in layer j (cm*) and
s is the number of species existing in layer j. To estimate LA ,
all plants in three 0.25 x 0.25-m? quadrats were harvested and
sorted by individual species. The harvested plant materials for
each species were cut into several segments starting at the base.
The species with a maximum height taller than 15 cm were cut
into 5-cm segments and the other species were cut into 2-cm
segments (Hirose and Werger, 1995; Anten and Hirose, 1999).
The total leaf area of each segment was measured for each spe-
cies, and empirical functions of the relationship between leaf
area and height of the segments were established for the target
species (Ramesh et al., 2007). Then, LA, was estimated on the
basis of the established empirical function and the height of
layer j for species i. PAR. can be estimated according to the
intercepted and reflected PAR in layer j (Supplementary Data
Fig. S1B; Tagesson et al., 2015):

PARJ' = PARinCJ — PARinCJ+1 — PARrefJ + PARref'J+1

where PARim-,j is the incoming PAR to layer j (nmol photons
m~s™') and PAR, is the PAR reflected by layer j (nmol photons
m72s™).

To obtain the incoming and reflected PAR for a given layer,
we measured these values at eight heights (0, 5, 10, 20, 40, 60,
80 and 100 cm) in each plot using a canopy analyser [an ana-
lyser with a linear light ceptometer (50 cm length x 2 cm width
x 2 cm height); Top-1000; Zhejiang Top Instrument, Hangzhou,
Zhejiang, China]. The PAR measurements were taken between
11:00 a.m. and 14:00 p.m. on a sunny and cloudless day in mid-
August, with ten repetitions in each plot. We then quantified the
association between the observed PAR and canopy height ac-
cording to the following light decay equation (Supplementary
Data Fig. S1C; Anten and Hirose, 1999; DeMalach et al., 2017):

log(PAR) =ax In(H) +b

where PAR is the incoming or reflected PAR (pmol
photons m~2 s7') and H is the canopy height (cm). Finally, we
calculated the incoming and reflected PAR for the specific
layers based on the light decay equation and the height of the
layer in each plot.

For the leaf nutrient concentrations of S. purpurea,
C. stenophylloides, P. poophagorum and P. multifida, we meas-
ured the leaf P, potassium (K), calcium (Ca), sodium (Na),
magnesium (Mg), aluminium (Al), copper (Cu), iron (Fe),
manganese (Mn) and zinc (Zn) concentrations because N add-
ition can aggravate plant non-N nutrient limitation (Li ef al.,
2016). Specifically, the non-N nutrient concentrations of the
leaves were measured by inductively coupled plasma atomic
emission spectroscopy (ICAP6300, Thermo Fisher Scientific,
Waltham, MA, USA) after digesting the leaf samples with acid.
In addition, the leaf N concentration was determined using an
elemental analyser (Vario EL III, Elementar, Germany).

Plant resource acquisition trait measurements

For the plant light acquisition traits, we measured the
plant height, leaf area and specific leaf area (a large plant
size and specific leaf area can promote plant light acquisi-
tion; Pérez-Harguindeguy et al., 2013; Laurans and Vincent,
2016). Specifically, we measured 20 healthy and mature in-
dividuals to obtain the vegetative height for S. purpurea and
C. stenophylloides in the field and then harvested the leaves
of these individuals. The collected leaves were scanned
and analysed by WinFOLIA software (Regent Instruments,
Quebec City, Quebec Canada) to determine their leaf area, and
oven-dried to obtain their leaf weight. The specific leaf area
was calculated as the ratio of leaf area to leaf weight (Pérez-
Harguindeguy et al., 2013). For details of the procedure for
measuring light acquisition traits see Zhang et al. (2019).

For the plant nutrient acquisition traits, we measured
mycorrhizal colonization, specific root length, root vi-
tality (plants with higher mycorrhizal colonization, specific
root length and root vitality can take up more soluble inor-
ganic nutrients from the soil; Shen ez al., 2011; Treseder,
2013), root phosphomonoesterase (PME) activity and root
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carboxylate exudation (plants can secrete PME to hydrolyse
soluble organic nutrients and carboxylates to mobilize in-
soluble nutrient forms; thus, exuding more PME and carb-
oxylates can increase the soil available nutrient supply;
Marklein and Houlton, 2012; Lambers et al., 2015).
Specifically, we excavated the roots from the top 0-10 cm
of soil at five random locations within each plot. The
collected root samples within each plot were mixed and
classified as S. purpurea, C. stenophylloides or other spe-
cies by their morphological characteristics. Then, the root
samples of S. purpurea and C. stenophylloides were clas-
sified into different orders, with the most distal root tips
being termed the first order (Xia et al., 2010). We chose to
measure root P acquisition traits of the first three orders of
roots since they are closely related to plant nutrient uptake
(McCormack et al., 2015).

After root sampling, mycorrhizal colonization was measured
using the trypan blue staining technique (Johnson et al., 2003).
Briefly, fresh roots were cleared with KOH solution, bleached
with alkaline H,0, and soaked in an acid solution. The acidified
roots were stained in acidic trypan blue solution, destained in
acidic glycerol and then used to estimate mycorrhizal colon-
ization. Specific root length refers to the ratio of root length to
root weight (Pérez-Harguindeguy et al., 2013). The rinsed roots
were scanned and analysed with WinRHIZO software (Regent
Instruments, Quebec City, Quebec, Canada) to measure their
root length. Then, the samples were oven-dried and weighed
to determine their specific root length. Root vitality was meas-
ured using the triphenyltetrazolium chloride (TTC) reduc-
tion method (Comas et al., 2000). For the TTC reduction test,
~500 mg of rinsed roots was soaked in TTC buffer solution,
vacuum-infiltrated, and subsequently incubated for 24 h in the
dark. During the thermostatic incubation (25 °C), colourless
TTC was reduced to red triphenyl-formazan. The amount of
TTC reduction, which is proportional to root vitality, was then
determined with a spectrophotometer (UV-2550, Shimadzu,
Kyoto, Japan) at 490 nm.

Root carboxylate (citrate and malate) exudation was meas-
ured with a citric acid assay kit (K-CITR, Megazyme, Wicklow,
Ireland) and a malic acid assay kit (K-LMALQR, Megazyme,
Wicklow, Ireland) following the manufacturer’s protocols. The
citric acid assay kit quantified citrate according to the oxidation
of nicotinamide adenine dinucleotide (NADH), while the malic
acid assay kit determined malate by the formation of NADH
(Dinkelaker et al., 1989; Kabir et al., 2013). The changes in
NADH were determined with a spectrophotometer (UV-2550,
Shimadzu, Kyoto, Japan) at 340 nm. Root PME activity was
determined according to microplate fluorometric technology
(Marx et al., 2001). First, we soaked ~200 mg of rinsed roots
in 50 mL of Tris-buffer solution and incubated them for 1 h
at 25 °C. Subsequently, 200 pL. of root-extracted solution
was placed in a 96-well microplate and mixed with 50 pL of
4-methylumbelliferone-linked phosphate, and the mixture was
incubated for 2 h at 25 °C in the dark. After incubation, the
fluorescence of each sample, which is proportional to the PME
activity, was determined with an automatic microplate reader
(DTX 880 Multimode Detector, Beckman Coulter, Fullerton,
CA, USA) with 365-nm excitation and 450-nm emission
wavelengths.

We also measured the plant nutrient resorption efficiency
(Vergutz et al., 2012) and root:shoot ratio (Gedroc et al., 1996),
which are closely associated with plant nutrient acquisition.
Phosphorus resorption efficiency was calculated according to
the following equation (Vergutz et al., 2012):

P resorption efficiency = (1 — P;/P; x MLCF) x 100
where Pg is the P concentration of mature green leaf (mg g7';
sampled in mid-August), P, is the P concentration of fresh
leaf litter (mg g~!; sampled i in late October) and MLCF is the
mass loss correction factor (the MLCFs of S. purpurea and
C. stenophylloides are considered to be 0.713 and 0.640, re-
spectively; Vergutz et al., 2012). The root:shoot ratios for
S. purpurea and C. stenophylloides were calculated as the ratio
of the root biomass in the top 30 cm of soil to the corresponding
above-ground biomass.

We further determined the rhizosphere soil P fractions using
the sequential P fractionation method (Hedley et al., 1982;
Tiessen and Moir, 1993). Rhizosphere soil collection was per-
formed at the same time as the root sampling; we collected the
soil that was still adhered to the roots after gently shaking the
roots (Marilley et al., 1998). The soil samples were air-dried
and analysed by the sequential extraction method (resin extrac-
tion followed by 0.5 M NaHCO, extraction, 0.1 m NaOH extrac-
tion and 1 M HCI extraction) to extract labile resin-inorganic
P (Pi), NaHCO,-Pi and NaHCO,-organic P (Po); moderately
labile NaOH-Pi and NaOH-Po; and recalcitrant HCI-Pi (Hedley
et al., 1982; Tiessen and Moir, 1993). The Pi in the extractant
was measured using the ammonium molybdate method, and Po
was calculated as the difference between the total P (determined
by inductively coupled plasma atomic emission spectroscopy)
and Pi. In addition, we measured the rhizosphere soil-available
micronutrients (Cu, Fe, Mn, Zn) using inductively coupled
plasma atomic emission spectroscopy after extracting soil sam-
ples according to the diethylenetriaminepentaacetic acid pro-
cedure (Lindsay and Norvell, 1978).

Statistical analyses

We analysed the data with the following three steps. First,
one-way ANOVAs were used to explore the effects of N en-
richment on species relative abundance, plant resource ac-
quisition (plant PAR acquisition, leaf nutrient concentration),
plant traits, and rhizosphere soil nutrient status. During these
analyses, the N addition level was assigned as a fixed factor,
and the block was assigned as a random factor (because the
effects of the block were caused by heterogeneity; Dutilleul,
1993). Subsequently, post hoc analyses (Tukey’s honestly sig-
nificant difference test; Hothorn et al., 2008) were conducted to
examine the differences among treatments for those variables
that exhibited significant changes along the N gradient.

Second, linear mixed-effects regression models were used to
identify the drivers of species relative abundance under extra N
input. Specifically, we examined the single-variable relation-
ships of species relative abundance with resource acquisition
based on linear mixed-effects regression models. During these
analyses, resource acquisition was treated as a fixed factor and
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the block was treated as a random factor. Subsequently, single-
variable linear mixed-effects regression models were developed
to examine the relationships of resource acquisition to plant re-
source acquisition traits and rhizosphere soil nutrient status. In
these linear mixed-effects models, plant traits and rhizosphere
soil nutrient status were treated as fixed factors and the block
was treated as a random factor. All residuals of the models were
tested for homoscedasticity and normality. The ANOVAs and
linear mixed-effects models were performed using the lme4
package (Bates et al., 2015) in R 3.6.0 (R Core Team, 2019).
Third, structural equation models were used to explore the
relative effects of the predictors on species relative abundance.
In the initial structural equation model, the N addition level was
considered as an exogenous variable; plant resource acquisi-
tion, plant traits and rhizosphere soil nutrient status were set
as the endogenous variables; and species relative abundance
was the final response variable (Supplementary Data Fig. S2).
Then, iterative model optimization was performed to improve
the goodness of fit of the model. Fisher’s C statistic, Akaike’s
information criterion corrected for small sample size (AICc)
and the whole-model P value were used to evaluate the model
performance (Lefcheck, 2016). Lower Fisher C and AICc
values and higher P values (>0.05) reflected a better-fitting

35

model (Lefcheck, 2016). The structural equation models were
conducted using the piecewiseSEM package in R 3.6.0 (R Core
Team, 2019) with the block as the random effect. Notably, as
some plant relative abundance and light acquisition parameters
showed unimodal responses to N addition with a threshold of
8 ¢ N m2 year™!, we divided the corresponding data into two
parts (<8 g N m~2 year™!, low N; and >8 g N m~2 year~!, high N)
and conducted the linear mixed-effects regression model and
structural equation model under the low-N and high-N treat-
ments, respectively.

RESULTS

Nitrogen-induced changes in species relative abundance, resource
acquisition, plant traits and rhizosphere soil nutrient status

Our results showed that species relative abundance, PAR ac-
quisition and leaf P and micronutrient concentrations showed
different responses to N enrichment (Fig. 1; Supplementary
Data Table S1). Specifically, along the N addition gradient,
the relative abundance and PAR acquisition of the dominant
species S. purpurea increased (all P <0.05; Fig. 1A, B),
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while its leaf P concentration declined (P < 0.05; Fig. 1C).
For C. stenophylloides, relative abundance almost doubled
(P <0.05; Fig. 1D) and leaf P and micronutrient (Cu, Mn and
Zn) concentrations increased along the N addition gradient (all
P <0.05; Fig. 1F; Supplementary Data Table S1); PAR acqui-
sition showed a unimodal response to N enrichment with a
threshold of 8 g N m~2 year™! (Fig. 1E). For P. poophagorum,
relative abundance, PAR acquisition and leaf P concentration
all declined along the experimental N addition gradient (all
P <0.05; Fig. 1G-I). For P. multifida, relative abundance and
PAR acquisition exhibited hump-shaped responses to N enrich-
ment (all P <0.05; Fig. 1J, K), while leaf P concentration de-
clined along the N addition gradient (P < 0.05; Fig. 1L).

In terms of light acquisition traits, the plant height, leaf area
and specific leaf area of S. purpurea and C. stenophylloides
all increased along the experimental N addition gradient (all
P < 0.05; Fig. 2). For nutrient acquisition traits, the mycorrhizal
colonization of S. purpurea decreased, while the root vitality,
root phosphatase activity and root carboxylate exudation of
S. purpurea and C. stenophylloides increased along the N add-
ition gradient (all P < 0.05; Fig. 3A, C-E; the results are shown
separately for citrate and malate in Supplementary Data Fig. S3).
Moreover, the root:shoot ratio of C. stenophylloides declined
under N enrichment (P < 0.05; Supplementary Data Fig. S4),
while the specific root length and P resorption efficiency of
S. purpurea and C. stenophylloides remained stable (Fig. 3B, F).
In terms of the rhizosphere soil P fraction, N enrichment sig-
nificantly reduced the resin-Pi, NaHCO3-Pi and NaHCO3-P0
of S. purpurea rhizosphere soil (all P <0.05; Table 1). The
NaOH-Pi, NaOH-Po and HCI-Pi of C. stenophylloides rhizo-
sphere soil decreased under N enrichment (all P < 0.05; Table 1).
For rhizosphere soil micronutrient availability, N enrichment
significantly decreased the rhizosphere soil Cu, Fe, Mn and Zn
availability for both S. purpurea and C. stenophylloides (all
P < 0.05; Supplementary Data Table S2).

Linkages between species relative abundance and resource
acquisition, plant traits and rhizosphere soil nutrient status

Our results indicated that the relative abundances of
S. purpurea, P. poophagorum and P. multifida exhibited posi-
tive correlations with plant PAR acquisition under both low and
high N levels (all P < 0.05; Fig. 4A, E, G). Moreover, although
the leaf P concentration was positively correlated with the rela-
tive abundance for P. poophagorum under both low and high N
levels, and for P. multifida under high N levels, it exhibited nega-
tive correlations with the relative abundance for S. purpurea
and P. multifida under low N levels (all P < 0.05; Fig. 4B, F, H).
For C. stenophylloides, relative abundance was positively
correlated with both plant PAR acquisition and leaf nutrient
(P, Mn and Zn) concentrations under low N levels (all P < 0.05;
Fig. 4C, D; Supplementary Data Fig. S5B, C). However, under
high N levels, the relative abundance of C. stenophylloides ex-
hibited positive correlations only with leaf nutrient (P, Mn and
Zn) concentrations (P < 0.05; Fig. 4D; Supplementary Data
Fig. S5B, O).

Our results also revealed that the PAR acquisition of
S. purpurea and C. stenophylloides was closely associated
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FiG. 2. Responses of light acquisition traits of S. purpurea and
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a non-significant difference among N treatments (P > 0.05). DW, dry weight;

NO, N1, N2, N4, N8, N16, N24 and N32 represent N addition rates of 0, 1, 2, 4,
8,16, 24 and 32 g N m™ year™!, respectively.

with plant height and leaf area (all P < 0.05; Fig. 5A, B). The
leaf P concentration of S. purpurea showed a positive relation-
ship with mycorrhizal colonization under low N levels, and
decreased with increasing root vigour, root phosphatase ac-
tivity and root carboxylate exudation along the entire N gra-
dient (all P <0.05; Fig. 5A). However, leaf P concentration
of C. stenophylloides exhibited positive associations with
root vigour, root phosphatase activity and root carboxylate
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exudation, and negative correlations with the moderately labile
(NaOH-Pi and NaOH-Po) and recalcitrant (HCI-Pi) fractions
in rhizosphere soil (all P < 0.05; Fig. 5B). In addition, the leaf
micronutrient concentration of C. stenophylloides showed a
positive relationship with root carboxylate exudation (P < 0.05;
Supplementary Data Fig. S6).

Further analyses demonstrated that light was the dom-
inant factor driving the response of the relative abundance of
S. purpurea to N enrichment (Fig. 6A, B). Acquisition of PAR
could explain 57 and 75 % of the variation in the relative abun-
dance of S. purpurea at low N and high N levels, respectively.
For C. stenophylloides, PAR acquisition and leaf P concentra-
tion co-determined the response of relative abundance under
low N levels (Fig. 6C). However, the increased leaf P concentra-
tion induced by increased carboxylate exudation was the most

important driver of the relative abundance of C. stenophylloides
under high N levels (Fig. 6D). The combination of the leaf P
concentration and carboxylate exudation explained 59 % of the
variation in the relative abundance of C. stenophylloides under
high N levels.

DISCUSSION

Based on the quantification of above-ground (light) and below-
ground (P and other non-N nutrients) resources acquired by spe-
cific species, this study provided the first evidence that light and
nutrients co-drove the response of plant species to N enrichment
(Fig. 7). Specifically, structural equation model and stepwise re-
gression analyses (Supplementary Data Table S3) revealed that
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Soil P fraction
NaHCO,-Pi
NaHCO,-Po
NaOH-Pi
NaOH-Po
Resin-Pi
NaHCO,-Pi

Resin-Pi
HCL-Pi

S. purpurea
C. stenophylloides

Species
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light acquired by each species dominated the different fates
of S. purpurea, P. poophagorum and P. multifida under N en-
richment. This finding advances our understanding of the cru-
cial role of light in shaping the complex responses (increasing,
decreasing and unimodal) of plant species to N enrichment be-
yond the traditional perspective about the inhibition of short spe-
cies by monotonously increasing community light interception
(Borer et al., 2014) or light asymmetry (Supplementary Data Fig.
S7; DeMalach et al., 2017). For S. purpurea, its stronger light ac-
quisition promoted its relative abundance, while the weaker light
acquisition of P. poophagorum induced a decrease in its rela-
tive abundance. It has been reported that light is a unidirectional
and asymmetrical resource input from the top of the canopy to
the bottom (Onoda et al., 2014) and that N enrichment would
increase light asymmetry (DeMalach et al., 2017). In this study,
S. purpurea acquired light more efficiently than other species be-
cause S. purpurea included tall individuals and showed increased
leaf area along the N addition gradient. Meanwhile, the light ac-
quisition of P. poophagorum may be suppressed by increased
shading and light asymmetry (Borer er al., 2014; DeMalach
et al., 2017); thus, its relative abundance decreased. However, for
P. multifida, whose light acquisition showed a unimodal response
to N enrichment, its relative abundance increased initially but de-
creased after a threshold of 8 g N m~ year~'. The initial increase
in light acquisition at low N levels may have occurred because
N enrichment could also stimulate the growth of shorter species
and increase their plant height and leaf area (Zhang et al., 2019),
which was beneficial for light acquisition. Consequently, the rela-
tive abundance of P. multifida increased, especially under low N
levels when the shading effect of taller species and the light asym-
metry were not strong. Nevertheless, the inhibitory effect of the in-
tensified shading exceeded the facilitation of increased plant size
at high N levels, leading to decreased light acquisition and relative
abundance for P. multifida. Overall, the quantification of light by
different species, as performed in this study, offers the possibility
of revealing the mechanisms underlying the species-specific re-
sponses to various N addition levels.

Our results also demonstrated that the increased leaf nu-
trient (especially P) concentrations of C. stenophylloides offset
the negative effect of decreased light acquisition under high N
levels, and promoted its relative abundance even in the shade
of taller competitors (Fig. 6C, D). This finding agrees with
our hypothesis that above- and below-ground resource ac-
quisition strategies co-determine the response of community
structure in the case of N input and does not support the pre-
viously suggested view that light itself determines species per-
sistence under N enrichment (Hautier et al., 2009; Borer et al.,
2014; DeMalach et al., 2017). Although light competition is
important in regulating community structure under N enrich-
ment, plants would cope with light competition not only by
modifying their light acquisition capacity but also by altering
their light use efficiency (Anten, 2005; Onoda et al., 2014). In
this study, light acquisition by S. purpurea increased along the
N addition gradient, which stimulated its relative abundance.
However, for C. stenophylloides the light acquired initially
increased but subsequently decreased at levels higher than 8
g N m~2 year™!. Nevertheless, N enrichment improved the light
use efficiency of C. stenophylloides (Supplementary Data Fig.
S8A), and thus induced its high relative abundance at high N
levels. The increased light use efficiency of C. stenophylloides
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could be driven by its higher leaf P concentrations under N en-
richment, due to the close associations between light use effi-
ciency and plant nutrient levels (Supplementary Data Fig. S8B;
Wright et al., 2004).

We further explored the mechanisms underlying the in-
creased leaf P concentrations for C. stenophylloides under N
enrichment. The prevailing perspective suggests that N enrich-
ment should elevate soil P availability but that the increased soil
P supply always fails to meet the increased plant P demand and
thus induces a decrease in leaf P concentrations (Deng et al.,
2017). In contrast, we observed that C. stenophylloides showed
efficient P acquisition under N enrichment through its cluster
roots, which further elevated its leaf P concentration. Under the
external N input, C. stenophylloides increased its investment
in below-ground nutrient acquisition, and its cluster roots be-
came more efficient in acquiring P. Specifically, N enrichment
stimulated the exudation of carbon-rich carboxylates (Fig. 3E),
which can release soluble Pi and Po from insoluble P forms
that are strongly sorbed onto soil particles by ligand exchange
(mainly NaOH-Pi and Po, and HCI-Pi; Vance et al., 2003;
Lambers et al., 2015; Table 1). The soluble Pi released during
this process can be directly absorbed by cluster roots, while the
soluble Po is first converted into soluble Pi by phosphatase and
then taken up by plants (Lambers et al., 2015). Meanwhile, the
root vitality and root PME activity of C. stenophylloides also in-
creased significantly after additional N input. Consequently, the
leaf P concentration of C. stenophylloides increased along the
N addition gradient. Interestingly, though the root vitality, root
PME activity and root carboxylate exudation of S. purpurea
also increased under N enrichment, its leaf P concentration de-
clined. This might be due to the fact that S. purpurea invested
more photosynthate in shoot growth, reduced its below-ground
C inputs, and induced a decline in AMF root colonization along

the N gradient (the plant supplied all the C that the fungi re-
quired; Smith et al., 2011). Although AMF could only utilize
the labile P forms, it usually takes up soluble Pi more efficiently
than roots (by exploring more soil volume; Smith et al., 2011;
Raven er al., 2018). As a result, the decreased AMF root colon-
ization might restrict P absorption of S. purpurea, and contrib-
uted to the decline of its leaf P concentration.

In addition to P, the changed nutrient acquisition traits
could also help in the acquisition of other micronutrients.
Consistent with this deduction, our results revealed a posi-
tive association between leaf micronutrient concentrations
of C. stenophylloides and its root carboxylate exudation
(Supplementary Data Fig. S6). Nevertheless, apart from allevi-
ating nutrient limitations, the accumulation of micronutrients
in leaves can have a negative effect on C. stenophylloides due
to the inhibition of the plant photosynthetic rate and growth by
metal toxicity (Tian et al., 2016). These contrasting effects of
leaf micronutrients may have led to the weak linkages between
the relative abundance and leaf micronutrient concentration of
C. stenophylloides along the N addition gradient.

In summary, this study revealed that above- and below-ground
resource acquisition strategies co-determine the responses of
plant species to N enrichment (Fig. 7). The relative abundance
of the taller S. purpurea increased with its increased light ac-
quisition. Meanwhile, the increased non-N nutrient (especially
P) concentrations in leaves promoted the relative abundance of
cluster-rooted C. stenophylloides even in the shade of taller com-
petitors. These results demonstrated that the increased leaf P in
the shorter species stimulated their light use efficiency and fa-
cilitated their relative abundance along the N addition gradient.
These findings conflict with previous findings that the aggravation
of light limitation induced by N input drives shorter species to
extinction (Borer et al., 2014; DeMalach et al., 2017). Given that
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decreases in species diversity and changes in community compos-
ition always constrain the responses of ecosystem productivity to
N enrichment (Hooper et al., 2012), the persistence of short spe-
cies may contribute to the consistent positive effects of N inputs
on ecosystem productivity. Therefore, considering the differences
in species resource acquisition strategies can help to reveal the
mechanisms underlying the dynamics of community structure
and ecosystem functions under an N enrichment scenario.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.oup.
com/aob and consist of the following. Figure S1: schematic dia-
gram showing the quantification of photosynthetically active ra-
diation acquired by a specific species within a given plot. Figure
S2: the initial structural equation model. Figure S3: response of
root citrate and malate exudation to N enrichment. Figure S4: re-
sponse of root:shoot ratio of C. stenophylloides to N enrichment.

Figure S5: relationships between species relative abundance and
leaf micronutrient concentrations for C. stenophylloides. Figure
S6: linkages of leaf micronutrient concentrations with plant traits
and micronutrient availability for C. stenophylloides. Figure S7:
changes in community-level light asymmetry along the N add-
ition gradient. Figure S8: response of light use efficiency of
C. stenophylloides to N enrichment and its linkage with leaf P
concentration. Table S1: effects of N addition on plant leaf nu-
trient concentrations. Table S2: responses of rhizosphere soil
micronutrients availability to N enrichment. Table S3: optimal
models for the relative abundances of Poa poophagorum and
Potentilla multifida.
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