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The forb, Ajania tenuifolia, uses soil nitrogen efficiently,
allowing it to be dominant over sedges and Graminae in
extremely degraded grasslands: Implications for grassland
restoration and development on the Tibetan Plateau
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Abstract
Plant growth is mainly N-limited in the alpine grasslands because of slow mineraliza-
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tion of soil organic matter due to low air temperature. Different plant species dominate in soils of different N concentrations. For example, more forbs occur in severely
degraded alpine meadows than do sedges and Gramineae. We hypothesized that a
more efficient uptake of low soil N by forbs than by sedges and Gramineae was the
mechanism that allowed forbs to dominate. The amount and rate of soil N uptake
and N allocation were determined in seven dominant alpine plant species using

15

N

isotope tracer. The plants, which included one forb, Ajania tenuifolia, three sedges,
Kobresia humilis, Carex scabrirostris, and Carex enervis, and three Gramineae, Elymus
nutans, Festuca sinensis, and Stipa purpurea, were maintained in pots with four different N concentrations (0, 50, 100, and 150 kg ha−1). The forb had the highest efficiency of N utilization (N uptake rate, 60.4%) in low N soil concentration, the
Gramineae had intermediate efficiencies (27.9–47.9%), and the sedges had the lowest efficiencies (5.2–34.9%), and, consequently, our hypothesis was supported. N utilization of the seven species decreased with an increase in soil N concentration, from
32.1% at N50 to 18.0% at N150, which indicated that soil N uptake by plants was
affected by soil N concentration. The mechanism used by forbs to be the dominant
species in severely degraded alpine meadows was a more efficient utilization of soil
N than Gramineae and sedges in conditions of low soil N. We concluded that plant
species have different efficiencies in soil N uptake and utilization, which allow them
to adapt and survive in habitats of different soil nutrition levels. These results implied
that forbs should be reduced, and that Gramineae and sedges should be planted and
N be added during the restoration and development of severely degraded grasslands
on the Tibetan plateau when the soil N content is low.
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I N T RO DU CT I O N

N were available (Xu et al., 2014), forb species dominated in severely
degraded grasslands characterized by nutrient-poor soil in alpine

The Qinghai-Tibetan Plateau is the largest geomorphological unit on

grasslands, and sedges dominated in nondegraded natural alpine

the Eurasian continent and the largest body of low latitude frozen soil

grasslands (Zhang et al., 2014). We hypothesized that a more efficient

in the world (Wang, Wang, & Lu, 2009). The alpine grasslands on the

utilization of soil N by forbs than by sedges and Gramineae was the

plateau account for one third of the total grasslands in China (Wiener

mechanism that allowed forbs to dominate. To test our hypothesis,

et al., 2006) and have the capacity to store large amounts of soil car-

we determined N uptake and allocation of seven dominant alpine

bon (C) and nitrogen (N) and to provide important ecosystem func-

plant species on the Qinghai-Tibetan Plateau using 15N isotope tracer

tions, such as livestock production, soil and water conservation, and

in a pot experiment. Results from this study should demonstrate

biodiversity (Shang et al., 2016; Yang et al., 2008). However, large

whether the efficiency of N utilization in plants is a mechanism of

areas of the alpine grasslands on the Tibetan Plateau have been

adaptation to low levels of soil N. This study should provide informa-

severely degraded (Harris, 2009) due to anthropogenic activities such

tion: (a) on the efficiency of N utilization by plants in degraded grass-

as overgrazing and natural factors such as climate change (Jing et al.,

lands; (b) on the mechanisms used by plants that allow them to be the

2018; Li, Dong, Wen, Wang, & Wu, 2014). The degraded grasslands

dominant species in the process of grassland degradation; and

are bare throughout the year and are dominated by ruderal plants,

(3) implications for the management and restoration of degraded

which are inedible by livestock (Dong et al., 2012; Shang, Tang, &

grasslands on the Qinghai-Tibetan Plateau by taking into account the

Long, 2010). This unique feature of the degraded grasslands implies

plant species composition and the ability and adaptation of plants

that ruderal plants may have a more efficient utilization of soil N than

to use N.

sedges Cyperaceae and Gramineae.
Nitrogen (N), an important nutrient in plant metabolic processes,
is the primary nutrient that limits plant growth and development in

2

M A T E R I A L S A N D M ET H O D S

|

many terrestrial ecosystems (Aerts & Chapin, 1999; Anbessa &
Juskiw, 2012; Zhang, Cai, & Müller, 2018). Grassland degradation has

2.1

|

Plant species and 15N stable isotope tracer

resulted in a high loss of N by erosion, soil organic matter mineralization, and leaching (He & Richards, 2015; Liu, Schleuss, & Kuzyakov,

To eliminate the effects of soil heterogeneity, interspecific competi-

2017), and the reduced N input into the soil ultimately affects soil N

tion and plant age on N uptake, the study was done with strict control

cycling (Zhang et al., 2017). Low soil N concentration is widespread in

of nitrogen levels in a controlled pot experiment in a greenhouse using

alpine grasslands (Vitousek & Howarth, 1991) because of slow miner-

the

alization of soil organic matter due to low air temperature (Gao, Mo,

included one forb, Ajania tenuifolia, three sedges, Kobresia humilis,

Xu, Zhang, & Yu, 2014; Yin et al., 2019; Zhang et al., 2017).

Carex scabrirostris, and Carex enervis, and three Gramineae, Elymus

15

N tracer method. Seven dominant alpine meadow plants, which

It has been reported that plant species differ in N acquisition

nutans, Festuca sinensis, and Stipa purpurea, were examined. The

strategies in alpine meadows (Xu et al., 2011), which suggests that N

sedges are the main plant species in natural alpine meadow,

input may have the potential to affect species composition and abun-

the Gramineae are the main plant species in artificial grasslands, and

dance in alpine meadows (Xu et al., 2014). Plant species composition

the forb is the main plant in the degraded grasslands on the Tibetan

has altered substantially in recent decades due to the intensive degra-

plateau (Dong et al., 2012; Zhang et al., 2019). A. tenuifolia is a com-

dation of alpine grasslands and differences among species in the effi-

mon forb and most dominant species in degraded grasslands on the

ciency of N uptake in N-limited ecosystems (Schleuss et al., 2015).

Tibetan plateau (Shi et al., 2011) and, therefore, was selected to repre-

There is evidence that plants of different ecosystems are able to

sent forbs in this study. Seeds of the seven plants were collected from

absorb simple soluble organic N directly (Gao et al., 2014; Liu et al.,

Maqu county (100 450 –102 290 E, 33 060 –34 300 N), Gannan Tibetan

2017; Zhang et al., 2017; Zhou et al., 2017), and it has been reported

autonomous prefecture, in eastern Tibetan Plateau, China, in

that alpine meadow plant species have adapted to low soil nitrogen

September 2012.

concentration by absorbing different forms of nitrogen. However, lit-

tracer (15N-KNO3 with 10.28%

tle is known about N uptake and N allocation in alpine meadow plants

Shanghai Research Institute of Chemical Industry), as vascular plants

under different levels of soil N, although this information is indispens-

prefer to absorb NO3− for development of their root systems and vas-

able in assessing N utilization in the alpine meadow ecosystem.

cular tissue (Wang et al., 2014; Xing et al., 2015).

15

N-KNO3 was selected as the

15

N stable isotope

15

N abundance provided by the

The efficiency of nutrient utilization is one of the essential factors
influencing the competitive capability of plant species (Wang et al.,
2018). Differences in N uptake among plant species (Wang et al.,

2.2

|

Pot experiment

2012) are one of the mechanisms that could explain the dominance
of certain plant species under different conditions (Jiang et al., 2018).

The study was carried out from May to September 2013, in a green-

For example, Arctic tundra vegetation became graminoid-dominated

house at Yuzhong Experimental Station (35 570 N, 104 90 E; 1,620 m a.

because N uptake strategies of graminoids and shrubs differed (Wang

s.l.), Lanzhou University. Substrate soil from a cropland that had not

et al., 2018). Furthermore, grasses dominated when high levels of soil

been cultivated for several years was collected at a depth of 0–20 cm,

3
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was mixed thoroughly, and homogenized before potting. The soil had

2.4

Calculations and statistics

|

a silt loam texture, a pH of 8.38 (water: soil ratio = 2.5:1), soil bulk
density of 1.41 gcm−3, total soil organic carbon of 7.43 gkg−1, total
−1

−1

The at%15N/14N-15N-KNO3 is the atom percent
15

15

N excess derived

15

N of 0.64 gkg , and total P of 0.70 gkg . The soil was sterilized

from

before the study at 150 C for 24 hr. The greenhouse had conditions

unlabeled treatments); 15N (mg)treatment is the mass of 15N in samples;

that simulated the habitats of the plants: air temperature was 25 C

N utilization (N uptake rate) is the percentage of 15N mass in shoot or



from 7:00 to 21:00 and 19 C from 21:00 to 7:00, relative humidity
−2

−1

was 65%, and light intensity was 800 μmolm s

(Ma et al., 2015)

over a normal growing season (from May to September) of about

N-KNO3 (the difference in

root of the applied

15

N atom% between labeled and

N mass; and soil retention is the percentage of

15

N mass in soil of the applied

15

N mass. These parameters were cal-

culated as (Liu, Xu, Xu, Wanek, & Yang, 2018):
at%15N/14N-15N-KNO3 = at%15N/14Ntreatment-at%15N/14Ncontrol,

100 days.

N (mg)treatment = M(g) × N content (%)/14 (g/mol) × at%

15

Four treatments were applied: (a) N0 (no N added, as control);
(b) N50 (50 kgNha−1); (c) N100 (100 kgNha−1); and (d) N150

N/14N-15N-KNO3 × 15 (g/mol) × 1,000,

15

(150 kgNha−1; Jiang et al., 2015; Liu, Schleuss, & Kuzyakov, 2017).
The amounts of

14

N-KNO3 and

N utilization (%) = 15N (mg)plant/Applied 15N (mg) × 100%,
Soil retention (%) = 15N (mg)soil/Applied 15N (mg) × 100%,

15

N-KNO3 applied to each treatment

where at%15N/14Ntreatment and at%15N/14Ncontrol are atom per-

are presented in Table 1. Air-dried soil was passed through a 2-mm

15

15

sieve, and then 3 kg of soil was placed into each plastic pot (diameter

cent

16 cm; height 20 cm). After watering the pots for 10 days, 20 seeds

(unlabeled), respectively, and M and N contents are the mass and

of each plant species were sown uniformly per pot. All plants had four

nitrogen contents of the samples, respectively (Ouyang et al., 2016).

N excess of treatment in the

N source-labeled and control

replicated pots for each treatment, except for A. tenuifolia, which had

All data are presented as means (±standard error) of the repli-

three replicated pots for each treatment, for a total of 108 pots.

cates. Two-way analysis of variance was used to test the effects of

When the height of the plants reached 6–10 cm, about 40 days after

plant species, N level and their interaction on biomass, N content, at

sowing, the plants were thinned evenly to five seedlings per pot, at

%15N/14N,

which time, KNO3 dissolved in 100-ml distilled water was added to

Duncan's post hoc tests. Differences among means were considered

each pot. If there were less than five seedlings in a pot, seedlings were

significant at the p < .05 level. All statistical analyses were done with

transplanted from spare pots to make up for the difference. Through-

the Software Statistical Package for the Social Sciences 17.0 (SPSS

out the study, soil moisture was maintained at 70% of field capacity

Inc. Chicago, IL, USA).

15

N in vegetation and soil, and N utilization followed by

by adding distilled water every 1–3 days according to the water loss
determined by weighing. The pots were placed randomly and also

3

moved periodically in the greenhouse.

3.1
2.3
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N utilization of alpine meadow plants

|

Sampling and analyses
In general, shoot biomass, shoot and root N content, at%15N/14N and

Plant and soil samples were collected from all pots at the end of the

15

growing season, September 10–20. Plant samples were washed and

and N levels. Soil at%15N/14N and 15N values, N retention, and N loss

then divided into shoots and roots. Both shoots and roots were oven-

rate also differed significantly among plant species and N levels. Root

dried at 65 C to constant mass and ground to powders. The soil was

biomass differed significantly among plant species and was affected

mixed thoroughly in each pot, and a 200-g sample was collected. Soil

by the interaction of plant species and N levels but was not affected

samples were air-dried at room temperature and sieved through a

by N levels alone. Root N utilization differed among plant species and

0.25-mm screen (the soil sample of C. scabrirostris was inadvertently

N levels but was not affected by the interaction of plant species and

lost). The

15

N/14N ratios (atom percent

15

N excess) and N content of

N values, and N utilization differed significantly among plant species

N levels (Table S1).

the plant and soil samples were determined using an isotope ratio

Shoot N utilization of the forb, A. tenuifolia (48%, 47%, and 35%),

mass spectrometer (DELTA V Advantage) linked to an elemental ana-

was the highest, whereas that of the sedges, K. humilis (3.9%, 3.3%,

lyzer (Flash EA1112 HT, Thermo Fisher Scientific，Inc. USA).

and 1.5%) and C. scabrirostris (3.4%, 2.1%, and 2.2%), were the lowest

T A B L E 1 Nitrogen treatment levels
with the amount of 14N-KNO3, 15NKNO3, 15N, and N per pot at different N
levels

N level (kgha−1)

N (gpot−1)

15

N (gpot−1)

0

0

0

0

0

50

0.1064

0.0066

0.307

0.434

100

0.2128

0.0131

0.614

0.868

150

0.3191

0.0197

0.921

1.302

14

N-KNO3(gpot−1)

N-KNO3(gpot−1)

15

4

among the seven species at N50, N100, and N150, respectively. Root
N utilization of E. nutans (19%, 23%, and 15%) was the highest and of

ZHANG ET AL.

3.2 | Alpine meadow plants biomass and nitrogen
content

A. tenuifolia (13%, 11%, and 9%) the second highest among the seven
species at N50, N100, and N150, respectively. Shoot and root N utili-

Shoot biomass of the forb, A. tenuifolia, was the greatest, whereas

zation of C. enervis, E. nutans, F. sinensis, and S. purpurea decreased

those of the sedges, K. humilis and C. scabrirostris, were the lowest

with an increase in soil N, whereas, for A. tenuifolia, shoot N utilization

among the seven species (Figure 2a). In addition, shoot biomasses of

decreased, but root N utilization did not (Figure 1).

A. tenuifolia and E. nutans at the N50, N100, and N150 treatments

F I G U R E 1 N utilization of shoot (a), root (b) and plant (shoot plus root, c) in seven plant species. N50, N100, and N150 denote the different
N levels (50、100、and 150 kghm−2). K. humilis, C. scabrirostris, C. enervis, E. nutans, F. sinensis, S. purpurea, and A. tenuifolia represent Kobresia
humilis, Carex scabrirostris, Carex enervis, Elymus nutans, Festuca sinensis, Stipa purpurea, and Ajania tenuifolia, respectively. Different lowercase
letters denote differences within a plant species at different N levels (p < .05); and different capital letters denote differences among the seven
species at the same N level (p < .05). Vertical bars represent standard error of the mean, n = 4

5
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were significantly greater than their N0 treatments (Figure 2a). Root

C. scabrirostris and E. nutans was as follows: N0<N50<N100<N150

biomass of C. enervis was the greatest among the seven species at N0

(Figure 3a). Root N content of S. purpurea was the highest among the

treatment, but that of E. nutans was the greatest, and A. tenuifolia was

seven species at N0; however, root N contents of S. purpurea and

the second greatest at the N50, N100, and N150 treatments. Root

A. tenuifolia were the highest at N50, N100, and N150. Root N con-

biomasses of E. nutans at the N50, N100, and N150 treatments were

tents of C. scabrirostris, C. enervis, F. sinensis, and S. purpurea were sig-

significantly greater than that at the N0 treatment (Figure 2b).

nificantly higher at N50, N100, and N150 than at N0s (Figure 3b).

The shoot, root, and soil N contents differed significantly at the

This indicated that the composition of the biomass, both above- and

different N levels and among plant species (Table S1). At the N0 treat-

below-ground, changed with additional soil N availability, and that a

ment, shoot N content of C. enervis was the highest among the seven

higher proportion of N content was incorporated in the plants with

species and more than two times that of A. tenuifolia. Shoot N con-

increased soil N.

tents of C. enervis, F. sinensis, and S. purpurea were the highest among

Soil N content of A. tenuifolia was the highest among the seven

the seven species at the N50 treatment. Shoot N contents of

species at N0; however, of K. humilis was the highest at N50, N100,

F. sinensis at the N50, N100, and N150 treatments were higher than

and N150. Soil N contents of K. humilis and C. enervis were signifi-

at the N0 treatment, and shoot N contents of A. tenuifolia at the

cantly higher at N100 and N150 than their respective N0s; however,

N100 and N150 treatments were higher than at the N0 and N50

E. nutans, F. sinensis, and S. purpurea were higher only at N150 than

treatments. The contribution of soil N level to shoot N content of

their respective N0s (Figure 3c).

F I G U R E 2 Shoot (a) and root (b) biomass of seven alpine meadow species. N0, N50, N100, and N150 denote different N levels (0、50、
100、and 150 kghm−2). K. humilis, C. scabrirostris, C. enervis, E. nutans, F. sinensis, S. purpurea, and A. tenuifolia represent Kobresia humilis, Carex
scabrirostris, Carex enervis, Elymus nutans, Festuca sinensis, Stipa purpurea, and Ajania tenuifolia, respectively. Different lowercase letters denote
differences within a species at different N levels (p < .05); and different capital letters denote differences among species at the same N level
(p < .05). Vertical bars represent standard error of the mean, n = 4
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F I G U R E 3 N content in shoot (a), root (b), and soil (c) of seven alpine meadow species. N0, N50, N100, and N150 denote the different N
levels (0、50、100、and 150 kghm−2). K. humilis, C. scabrirostris, C. enervis, E. nutans, F. sinensis, S. purpurea, and A. tenuifolia represent Kobresia
humilis, Carex scabrirostris, Carex enervis, Elymus nutans, Festuca sinensis, Stipa purpurea, and Ajania tenuifolia, respectively. Different lowercase
letters denote differences within a plant species at different N levels (p < .05); and different capital letters denote differences among plant species
at the same N level (p < .05). Vertical bars represent standard error of the mean, n = 4
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3.3

|

15

N uptake by plants and retention in soil

15

N uptake by roots of E. nutans was the highest and of A. tenuifolia

the second highest among the seven species at N50, N100, and
N uptake by shoots of A. tenuifolia was the highest and by

N150. Furthermore, 15N uptake in roots of A. tenuifolia, E. nutans, and

E. nutans the second highest; whereas, that of K. humilis and

C. scabrirostris increased significantly with an increase in soil N con-

C. scabrirostris were the lowest among the seven species at N50,

centration. However,

The

15

N100, and N150. In addition,

15

15

N retentions in the soil of K. humilis and

N uptake by shoots of A. tenuifolia

C. scabrirostris were the highest at N50 and N100 and of A. tenuifolia

and E. nutans increased significantly with an increase in soil N. The

and E. nutans were the lowest at N50, N100, and N150 among the

F I G U R E 4 The 15N uptake of shoot and root of seven plant species, and 15N retention in soil (mg15Npot−1) at three levels of soil N. N50,
N100, and N150 denote the different N levels (50、100、and 150 kghm−2). K. humilis, C. scabrirostris, C. enervis, E. nutans, F. sinensis, S. purpurea,
and A. tenuifolia represent Kobresia humilis, Carex scabrirostris, Carex enervis, Elymus nutans, Festuca sinensis, Stipa purpurea, and Ajania tenuifolia,
respectively. Different lowercase letters denote differences within a plant species at different N levels (p < .05); and different capital letters
denote differences among the seven species at the same N level (p < .05). Vertical bars represent standard error of the mean, n = 4
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F I G U R E 5 15N allocation of seven alpine meadow plants at N50, N100, and N150. Shoot, root, soil, and losses represent shoot uptake, root
uptake, soil retention, and loss rate, respectively. K. h., C. s., C. e., E. n., F. s., S. p., and A. t. denote Kobresia humilis, Carex scabrirostris, Carex
enervis, Elymus nutans, Festuca sinensis, Stipa purpurea, and Ajania tenuifolia, respectively

seven species. The

15

N retention in soil of K. humilis, C. enervis,

actually decreased by 6%. In addition, it emerged that above-ground

E. nutans, F. sinensis, S. purpurea, and A. tenuifolia increased signifi-

biomass increased with each additional increase in N, as was found

cantly with an increase in soil N (Figure 4).

for the plant species in the present study. High N uptake is an important mechanism in sustaining high rates of primary production
(Iversen, Bridgham, & Kellogg, 2010; Lü, Feike, Kong, Wang, & Han,

3.4

|

15

N allocation in plants and soil

2014), which would explain the higher biomass of A. tenuifolia and
E. nutans than the other plant species. Alpine grassland ecosystems

The percentage of

15

N in plants and soil of the seven species
15

have stabilized primary production as a result of shifting plant species

N

composition in response to climate change. For example, warming and

remained in the soil, and some was lost, in particular in the sedges and

drought had no effect on total net primary production, but grass

exhibited a similar pattern at N50, N100, and N150. Much of the
15

N in K. humilis and C. scabrirostris was

abundance increased at the expense of sedges and forbs (Liu et al.,

less than 6% at N50, N100, and N150, whereas in C. enervis,

2018). Nitrogen addition also had no effect on total above-ground

E. nutans, and F. sinensis, it ranged from 28% to 48%, 19% to 53%, and

biomass; however, grasses biomass increased, but legumes decreased,

11% to 39% at N50, N100, and N150, respectively, and in

whereas forbs showed little response and quickly switched from being

A. tenuifolia, it was the highest with 60%, 58%, and 44% at N50,

N deficient to N excess (Xu et al., 2014). In addition, Li, Yang, Liu, and

N100, and N150, respectively (Figure 5).

Shao (2018) reported that the addition of N and water increased the

Gramineae. The percent of

More N was utilized by the forb, and, consequently, less N was

total above-ground productivity and biomass of grasses but decreased

left in the soil, whereas more N was lost by the sedges and

the biomass of forbs. Under natural conditions, forbs are out-

15

N in the soil of the sedges was 60% to

competed by grasses (You et al., 2017), which are then able to show

67%, of the Gramineae was 30% to 49%, and of the forb was 26 to

the greatest response of all plant types to N application. N require-

36%. The N loss for sedges was 20%, 21%, and 27%, for Gramineae

ments for forbs are relatively low, and, in the present study, forbs

was 28%, 26%, and 27%, and for the forb was 7%, 16%, and 20% at

were able to use the N efficiently for above-ground growth. Conse-

N50, N100, and N150, respectively (Figure 6), that is, the soil N loss

quently, the difference in response of the forbs between the present

for forbs was less than that of sedges and Gramineae.

study and previous studies could have been due to lack of interspe-

Gramineae. The percent of

cific competition for the forbs in the current study. The N content of
the seven alpine meadow plant species increased with an increase in

4

|

DISCUSSION

N level, which agreed with the report that increased N availability
leads to an increase in plant N content (Xia & Wan, 2008).

4.1 | Effect of N addition on plant biomass and N
content
4.2

|

Plant species N uptake and utilization

In a meta-analysis using 89 studies and 67 sites from peer-reviewed
journals, You et al. (2017) reported that the addition of N to natural

N availability and utilization have large impacts on plant growth in the

grasslands increased the above-ground biomass of all plants by 31%

alpine grassland ecosystem (Schleuss et al., 2015; Xu et al., 2014),

and of grasses by 79%, but forbs showed little response and may have

where growth is limited by low air temperature, high solar radiation,

9
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FIGURE 6

15

N allocation of different plant functional groups at N50, N100, and N150. N loss includes NxOy emissions and nitrate leaching

and nutrient deficiency (Callaway et al., 2002; Hermans, Hammond,

et al., 2009). At N50, the lowest soil N level treatment in the current

White, & Verbruggen, 2006; Yin et al., 2019), especially N. Alpine

study, the forb, A. tenuifolia, had the highest uptake rate of soil N, the

plants compete under these harsh conditions by developing specific

Gramineae, E. nutans, F. sinensis, and S. purpurea, had intermediate

survival and reproduction strategies (Choler, 2005; Onipchenko

uptake rates, whereas the sedges, K. humilis, C. scabrirostris,

10
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and C. enervis, had the lowest uptake rates, and, consequently, our

the lowest soil N level treatment, the forb had the highest uptake rate of

prediction was supported. The better ability of forbs to absorb soil

soil N (60.4%), the Gramineae had intermediate uptake rates

nitrogen was the mechanism that conferred them an advantage over

(27.9–47.9%), and the sedges had the lowest (5.2–34.9%). Consequently,

Gramineae and sedges in poor soil N conditions and could explain the

the forb (A. tenuifolia) was most efficient in soil N uptake at a low soil N

dominance of forbs over sedges and Gramineae at severely degraded

level. We reasoned that the difference in N uptake could be the

alpine meadows (Zhang et al., 2014). The difference in

15

N recovery

mechanism that explains the dominance of forbs at severely

by plants may have resulted, to some extent, from the different plant

degraded grasslands with poor soil nutrients. This could have impor-

functional groups that can affect mineral nitrogen content in the soil

tant implications in that it suggests that forbs should be reduced, as

differently through rhizosphere processes.

was practiced by Shi et al. (2011), and Gramineae and sedges should

Plant N utilization of the seven species increased with a decrease

be planted and N be added for the restoration and development of

in soil N, which agrees with findings in earlier reports (Iversen et al.,

severely degraded grasslands on the Tibetan plateau, when soil N

2010; Liu et al., 2013; Yang et al., 2015). Most forbs are annual broad-

content is low. Mean N utilization of the seven species decreased

leaf, tall weeds, and compete well for light resources (Tilman, 1987),

with an increase in soil N, from 32.1% at N50 to 18.0% at N150,

which can increase soil N use, as N is needed for the synthesis of

which indicated that plant species N utilization was affected by the

enzymes involved in photosynthesis (Hungate et al., 2004). This feature

ecosystem nutrient level. Results of this study on plant N uptake

allows forbs to be more efficient than sedges and Gramineae in utilizing

and N allocation provide insights on plant adaptation to nutrient-

soil N. However, with the addition of N, species composition shifted to

poor soils. In addition, the findings could be used in the restoration

more productive grasses, whereas legumes and upright forbs decreased

of grasslands with N-limited soils and in the management of artificial

(Sun, Yu, Shugart, & Wang, 2016; You et al., 2017), and the soil carbon

grasslands, and the data could be a basis for future studies and

pool increased (Wang et al., 2017). N deposition enhanced the domi-

model simulations of global grassland plant N utilization within the

nance of grasses over forbs in alpine meadows due to the greater abil-

context of increased grassland degradation.

ity of grasses to absorb nutrients under relatively higher N levels
(Li et al., 2018). This implied that N addition should be taken into
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