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Abstract Symbiotic nitrogen (N) fixation by

legumes was investigated using the 15N dilution

technique in two Chinese grasslands: one in the

north-eastern Tibetan Plateau and the other in Inner

Mongolia in China. A small amount (0.03 g N m-2)

of 15N labelled (NH4)2SO4 fertilizer was evenly

distributed in two soils. One month after the 15N

addition, four legumes (Astragalus sp., Gueldens-

taedtia diversifolia, Oxytropis ochrocephala and

Trigonella ruthenica) in the alpine meadow and two

legumes (Thermopsis lanceolata and Melissitus ru-

thenica) in the temperate steppe were collected.

Several non-legume plant species were harvested as

the reference. Above-ground biomass of legumes

ranged from 8 to 24 g m-2 in the alpine meadow and

from 11 to 35 g m-2 in the temperate steppe. The

reference plants showed distinctly higher 15N atom%

excess than legumes (0.08% vs. 0.02% in the alpine

meadow, 0.10% vs. 0.02% in the temperate steppe).

The N derived from atmosphere (%Ndfa) ranged

from 50 to 90% N in the alpine meadow, while it

ranged from 85 to 92% in the temperate steppe.

Based on the legume above-ground biomass, total

symbiotic N2-fixation rate was estimated to be

1.00 g N m-2 year-1 in the alpine meadow and

1.15 g N m-2 year-1 in the temperate steppe. These

N inputs by legumes can account for 9% of the gap

between the N demand and the seasonal N release by

mineralization in the alpine Kobresia grassland and

20% in the temperate Leymus grassland, respectively.

Considering additional contribution of the root bio-

mass, we suggest that biological N2-fixation by

legumes plays an important role in the cycling of N

in both Kobresia and Leymus grasslands on an annual

scale.

Keywords 15N tracer � Alpine meadow � Temperate

steppe � Kobresia humilis � Leymus chinensis

Introduction

Nitrogen (N) is an important nutrient which limits

plant growth in terrestrial ecosystems worldwide

(Chapin et al. 1986). In natural grasslands, the

symbiotic N2-fixation by legumes has been suggested
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to play an important role in N input because of lack of

artificial fertilizers (Cusack et al. 2009). N2-fixation

by legumes varies in different ecosystems with

changes in environmental factors and plant species

composition (Vitousek et al. 2002).

In both alpine and temperate grasslands, many

legume species are often observed, and some that are

not edible for livestock (e.g. Thermopsis lanceolata)

remain in the field after grazing. These legumes

might partially offset the imbalance between the N

demand by plants and the N release by mineraliza-

tion. However, many researchers argue that biolog-

ical N2-fixation by legumes may make only a small

contribution by to these grasslands in cold environ-

ments (Holzmann and Haselwandter 1988; Arnone

1999), where temperatures fall below the optimum

range of 20–35�C for nitrogenase activity (Dart and

Day 1971). Therefore, quantifying the contribution of

biological N2-fixation by these non-edible legumes

will be helpful to understand the role of N2-fixation

by legumes in these grasslands.

Low temperature and low soil moisture lead to

high soil organic matter (SOM) accumulation by

suppressing mineralization of SOM. Consequently,

plant growth in these grasslands is often limited by

available N supplies (Haselwandter et al. 1983; Song

et al. 2007) because a seasonal demand for N by

grasses often exceeds estimated seasonal release by

mineralization (Körner 2003; Cao et al. 2004).

Although several studies have investigated biolog-

ical N2-fixation by legumes in alpine meadows and

temperate steppes (Holzmann and Haselwandter

1988; Bowman et al. 1996; Li et al. 2002), so far

few studies have been conducted to quantify the

contribution of biological N2-fixation by legumes in

alpine meadows in the Tibetan Plateau and in

temperate steppes in Inner Mongolia.

The Tibetan Plateau covers more than 2.5 million

km2 with an average altitude of over 4,000 m a.s.l.

Approximately 35% of its area is dominated by

alpine meadows (Zheng 2000). Typical temperate

steppes in Northern China, covering 0.4 million km2,

are an important part of Eurasian steppes (Chen and

Wang 2000). Soil temperature at 20 cm depth in July,

the hottest month of the year, averaged 11.4�C in the

alpine meadows (Li et al. 2004) whereas it averaged

17�C in the temperate steppes (Gao et al. 2004).

These temperatures are lower than suggested opti-

mum temperature of nitrogenase activity (Dart and

Day 1971). We therefore put forward two hypotheses:

(1) the contribution of symbiotic N2-fixation by

legumes is small on an annual scale because of low

temperature in these grasslands; (2) symbiotic

N2-fixation is greater in temperate steppes than in

alpine meadows because of higher soil temperature in

temperate steppes than in alpine meadows during the

growth seasons.

To test the hypotheses above, we investigated the

contribution of symbiotic N2-fixation by legumes in

the two grasslands using the 15N isotope dilution

technique because of its advantage to measure

biological N2-fixation by legumes in situ (Chalk

1991; Carranca et al. 1999). The principal assumption

of the 15N dilution technique is that the 15N

enrichment of the reference plants accurately reflects

the 15N enrichment of the soil N taken up by legumes.

Materials and methods

Description of experimental sites

The alpine meadow site was located at the Haibei

Alpine Meadow Ecosystem Station, Chinese Acad-

emy of Sciences, Qinghai Province (37� 360 6000 N,

101� 190 1400 E, 3,215 m a.s.l.). The area is charac-

terized by a typical alpine climate with the annual

temperature and precipitation averaging -1.7�C and

600 mm, respectively. Average temperature during

the growing season (from May to September) was

7.2�C and 79% of precipitation occurred between

May and September (Li et al. 2004). Dominant

species are Kobresia humilis Serg., Stipa aliena

Keng., Poa sp., Festuca ovina Linn., Gentiana

aristata Maxim., Gentiana straminea Maxim., Sau-

ssurea superba Anth., and Gueldenstaedtia diversi-

folia Maxim. Legume species in the alpine meadow

are Astragalus sp., Gueldenstaedtia diversifolia,

Oxytropis ochrocephala and Trigonella ruthenica.

The soil is classified as Mat-Gryic Cambisol corre-

sponding to Gelic Cambisol (WRB 1998).

The temperate steppe site was located at Hulun-

beier Grassland Ecosystem Observation and Research

Station in Inner Mongolia (49� 220 4200–49� 220 9200

N, 120� 010 5400–120� 020 3200 E, 620–630 m a.s.l.). It

is characterized by semi-arid climate. The annual air

temperature averaged 0.5�C and annual precipitation

averaged 330 mm. Average temperature during the
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growing season was 15.8�C and most of the precip-

itation was concentrated from May to August (Meng

et al. 2009). Dominant species are Leymus chinensis

(Trin.) Tzvel., Festuca ovina Linn., Artemisia tan-

acetifolia Linn., Pulsatilla turczaninovii Krylov et

Serg., Artemisia dracunculus Linn., Koeleria cristata

(Linn.) Pers. Leguminous species included Thermop-

sis lanceolata and Melissitus ruthenica. The soil is

classified as chestnut soil (Zhao 1998), corresponding

to Haplic Kastanozem. Some characteristics of the

two soil types are shown in Table 1. These soil

samples (0–10 cm depth) were collected in a distance

of around 20 m from the study plots. Both grasslands

were excluded from grazing.

Eight 1 9 1 m2 plots were randomly set up in

either of the two grasslands. Labeling was done in

August, 2007 (air average temperature -0.4�C and

rainfall 510 mm) in the alpine meadow, whereas it

was done in August, 2010 (air average temperature

1.5�C and rainfall 341 mm) in the temperate steppe.

(15NH4)2SO4 (98.4% 15N enrichment) was dissolved

in water and sprayed on four plots, while the others

were sprayed with water as the control. The amount

of N was applied at a rate of 0.03 g N m-2. This is

far less than the level of available N in the soil and so

cannot affect the soil processes or stimulate plant

growth. To avoid the tracer being absorbed by the

leaf surface and to ensure uniform fertilizer distribu-

tion, an additional volume of distilled water was

sprayed after the tracer application. The total amount

of water used equaled 3 mm of precipitation. In

addition to the irrigation, higher soil water content in

alpine meadows and a small amount of rain on the

temperate steppe while the tracer was sprayed could

reinforce the effect of penetration of labeled N into

the soil by gravitational water.

Sampling and calculations

An important assumption of the 15N dilution tech-

nique is that the reference plants accumulate N with

the same 15N enrichment that is derived from the soil

by the legumes. Given the difficulties in testing the

assumption, we selected several reference plants, i.e.

Saussurea superba, Gentiana straminea, Kobresia

humilis and Stipa aliena in the alpine meadow and

Leymus chinensis and Thalictrum aquilegifolium in

the temperate steppe. All legume and reference plants

were perennial. The reference plants Saussurea

superba, Gentiana straminea and Thalictrum aqui-

legifolium showed similar phenology with legumes,

normally reaching their maximum N contents in

August and September and exhibited similar rooting

depth and architecture. Although graminoids (Stipa

aliena, Leymus chinensis) possibly recovered more

labeled N than the legume, we still used them as

reference plants to estimate and show the variation of

N2-fixation by the neighboring legumes.

Three plots (25 9 25 cm) close to those used for

estimation of biological N2-fixation were selected for

above-ground biomass measurements in the alpine

grassland. Three soil cores (2.8 cm in diameter) were

collected from the 0–15 cm layer to estimate root

biomass (Xu et al. 2011b). In the temperate grassland,

three plots (30 9 30 cm) were used to estimate

above-ground biomass and three soil cores (3.8 cm

in diameter) were collected from the top soil for root

biomass measurements.

One month after labeling, all legumes (Astragalus

sp., G. diversifolia, O. ochrocephala and T. ruthe-

nica in the alpine meadow; T. lanceolata and

M. ruthenica in the temperate steppe) and several

non-legume reference plants (S. superba, G. strami-

nea, K. humilis and S. aliena in the alpine meadow;

L. chinensis and T. aquilegifolium in the temperate

steppe) in both treated and control plots were

harvested, dried for 48 h at 60�C and weighed for

above-ground biomass. All the plant materials were

ground to a fine power using a ball mill (MM200,

Fa. Retsch, Haan, Germany). Aliquots (2 mg) were

weighed into tin capsules for analyzing total N, C

and 15N atom% by a isotope ratio mass spectrometer

(Mat 253, Finnigan MAT, Bremen, Germany),

coupled by ConFlo III device (Finnigan MAT,

Bremen, Germany) to an elemental analyser (EA

1112, CE Instruments, Milan, Italy). Atmospheric

Table 1 Characteristics of the top 10 cm (Ah) of soil in a

Kobresia humilis meadow and a Leymus chinensis steppe

Kobresia humilis
meadowa

Leymus chinenisis
steppe

pH 8.0 ± 0.2 6.7 ± 0.1

C:N ratio 12.7 ± 0.3 9.6 ± 0.1

Organic C content (%) 7.36 ± 0.42 3.56 ± 0.08

Total soil N (%) 0.58 ± 0.08 0.37 ± 0.01

Means ± 1SE of 12 replicates are presented
a From Xu et al. (2011a)
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N2 was used as reference. Stable isotope abundances

are reported as

d15N ¼ Rsample

Rstandard

� 1

� �
� 1; 000& ð1Þ

where R is the ratio of 15N/14N of either the sample or

standard. The standard deviation of repeated mea-

surements of laboratory standards was ±0.15%.

Atom% excess 15N (APE) was calculated as the

atom% 15N difference between the same plant species

from 15N-treated and from control plots. We used the

Eq. 2 (McAuliffe et al. 1958) to calculate N derived

from atmosphere (%Ndfa) for individual legume

species. Calculations were carried out using APE of

the individual legume and average APE of the

reference plants of same site. Non-graminoids were

used as reference plants alone and together with

graminoids.

%Ndfa ¼ 1� APElegume

APEreference

� �
� 100 ð2Þ

The quantity of N fixed by legumes (N fixed,

g N m-2) was calculated as the following equation

(Busse 2000):

N fixed ¼ % Ndfað Þ � biomassð Þ � Nconc:ð Þ ð3Þ
The standard errors of means are presented in

figures and tables as a variability parameter. One-way

analysis of variance (ANOVA) was carried out with

Bonferroni test to determine effects of plant species

on APE, %Ndfa and N fixed. Paired t test was used to

analyze the difference in APE between legumes and

the reference plants. All the tests were run using

SPSS 18.0 software package (SPSS Inc. Chicago, IL,

USA).

Results

Biomass and its N accumulation in two grasslands

Above-ground biomass of legumes ranged from 8 to

24 g m-2 in the alpine K. humilis dominated meadow

and from 11 to 35 g m-2 in the temperate

L. chinensis steppe (Fig. 1). G. diversifolia exceeded

the biomass production of the other three legumes

that showed similar values in the alpine meadow. The

above-ground biomass of the two legumes in the

temperate steppe significantly differed between each

other. Total leguminous above-ground biomass was

48.45 ± 4.4 g m-2 in the alpine meadow and 45.9 ±

14.2 g m-2 in the temperate steppe.

Total above-ground biomass averaged 309.8 ±

10.3 g m-2 in the alpine meadow in 2007 and

295.4 ± 19.8 g m-2 in the temperate steppe in 2010,

respectively. Legumes contributed about 15.7% to

total above-ground biomass in the alpine meadow and

15.6% in the temperate steppe. Total belowground

biomass in the upper 15 cm layer in the alpine meadow

(1,494.2 ± 22.7 g m-2) was significantly higher than

in the temperate steppe (585.4 ± 43.7 g m-2).

Based on N concentration in plant tissues, N

accumulation in above-ground biomass was esti-

mated at 6.85 ± 0.23 g N m-2 in the alpine grass-

land and 2.84 ± 0.19 g N m-2 in the temperate

grassland. N accumulation in the belowground part

was amounted to 20.17 ± 0.31 g N m-2 in the alpine

grassland and 4.68 ± 0.35 g N m-2 in the temperate

grassland.

15N atom% excess

15N atom% excess (APE) of different plant species

varied as the reference plants showed distinctly higher

APE than legumes in both grasslands (t = -3.784,

P = 0.004 for the K. humilis meadow; t = -5.260,

P = 0.003 for the L. chinensis steppe). Among
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Fig. 1 Above-ground biomass of legumes in a Kobresia
humilis alpine meadow and a Leymus chinensis steppe.

Mean ± 1SE of four replicates are presented. Different letters
indicate significant differences at P \ 0.05 between plant

species across the two grasslands. AST, Astragalus sp.; GUD,

Gueldenstaedtia diversifolia; OXO, Oxytropis ochrocephala;

TRR, Trigonella ruthenica in the alpine meadow. THL,

Thermopsis lanceolata; MER, Melissitus ruthenica in the

temperate steppe
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legumes, G. diversifolia and T. ruthenica showed

higher APE than Astragalus sp. and O. ochrocephala

in the alpine meadow and were not significantly

different from each other. The legumes in the

temperate steppe, T. lanceolata and M. ruthenica,

showed similar APE (Fig. 2). The reference plants in

the alpine meadow exhibited significantly differing

APE, ranging from 0.10% of S. superba to 0.03% of

S. aliena. In contrast,there was no significant differ-

ence between the two reference plants in the

temperate steppe.

N derived from the atmospheric N2

The N derived from the atmospheric N2 (%Ndfa) of

the legumes was estimated to range from 50.4% to

89.7% in the alpine meadow while it ranged from

85.3% to 92.2% in the temperate steppe (Fig. 3).

%Ndfa of Astragalus sp. and O. ochrocephala signif-

icantly exceeded that of G. diversifolia and T. ruthe-

nica. In the temperate steppe, the two legumes showed

similar %Ndfa, which on average was higher than that

of the legumes in the alpine meadow.

Symbiotic N2-fixation was lowest for T. ruthenica

with a value of 0.17 g N m-2 and highest for

G. diversifolia with a value of 0.36 g N m-2 in the

alpine meadow (Table 2). But for T. lanceolata

(0.95 g N m-2) in the temperate steppe showed

superior values among the species, the difference

among all other species were not statistically impor-

tant. The total N input by leguminous plants was

similar in the two grasslands (1.00 g N m-2 in the

alpine meadow vs. 1.15 g N m-2 in the temperate

steppe, Table 2).

Discussion

The %Ndfa value denotes the portion of N derived

from the atmosphere in legumes. Körner (2003)

suggested that in the alpine zone the Ndfa% was

small compared with the temperate zone, because the

leguminous plants in alpine areas are inhibited by

lower temperature in alpine regions (Heimann and

Reichstein 2008). Nonetheless, the %Ndfa values

were estimated to range from 70% to 100% for

Trifolium at 3,650 m a.s.l. on Niwot Ridge (Bowman

et al. 1996), and varied from 59% to 90% for nine

leguminous species in the Swiss Alps along an

altitude gradient from 900 to 2,600 m a.s.l. (Jacot

et al. 2000a). Our estimates of 50–90% for the

legumes in both grasslands are thus within the latter
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Fig. 2 15N atom% excess of legumes and reference plants in a

Kobresia humilis alpine meadow and a Leymus chinensis
steppe. Mean ± 1SE of four replicates are presented. Different
letters indicate significant differences at P \ 0.05 between

plant species across the two grasslands. AST, Astragalus sp.;

GUD, Gueldenstaedtia diversifolia; OXO, Oxytropis ochro-
cephala; TRR, Trigonella ruthenica; SAS, Saussurea superba;

GES, Gentiana straminea. KOH, Kobresia humilis; STA, Stipa
aliena in the alpine meadow. THL, Thermopsis lanceolata;

MER, Melissitus ruthenica; THS, Thermopsis squarrosum;

LEC, Leymus chinensis in the temperate steppe. The bold
horizontal lines represent the average value of 15N atom%

excess of non-Graminoids reference plants
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Fig. 3 Percentage of legume N derived from the atmosphere

(%Ndfa) in a Kobresia humilis alpine meadow and a Leymus
chinensis steppe. Mean ± 1SE of four replicates are presented.

Different letters indicate significant differences at P \ 0.05

between plant species across the two grasslands. AST,

Astragalus sp.; OXO, Oxytropis ochrocephala; GUD, Guel-
denstaedtia diversifolia; TRR, Trigonella ruthenica in the

alpine meadow. THL, Thermopsis lanceolata; MER, Melissitus
ruthenica in the temperate steppe
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range (Fig. 3). Despite lower soil temperature in the

alpine meadow that measured 11.4�C versus 17�C in

the temperate steppe during the hottest month, two of

alpine legume species (Astragalus sp. and O. ochro-

cephala) still showed comparable %Ndfa values.

This indicates that the legume capacity to fix

atmospheric N2 vary in a species-specific way in

alpine meadows. But the hypothesis that higher soil

temperature favors nitrogenase activity is supported

by our results showing that, on the average, the

legumes in the temperature steppe were more

efficient in N2-fixation.

Previous studies have shown (Wojciehowski and

Heimbrook 1984; Holzmann and Haselwandter 1988)

that in alpine meadows, symbiotic N2-fixation by

legumes was lower than that in temperate grassland.

In this study, T. lanceolata in the temperate steppe

fixed significantly more amounts of N than the other

legumes due to its highest %Ndfa and highest

biomass. Despite richer composition of leguminous

species in the alpine grassland, the total N2-fixation

by these legumes (on the basis of above-ground

biomass) was not significantly different from that in

the temperate grassland (1.00 vs. 1.15 g N m-2,

respectively). Therefore, our hypothesis that

N2-fixation by legumes in the temperate steppe is

greater than in the alpine meadow was not fully

supported by our data.

When 15N dilution technique is used, the choice of

reference plants often affects estimation of

N2-fixation. In this study, including graminoids and

non-graminoids as the reference, we found that the

use of graminoid plants significantly decreased the

Ndfa% values in the Kobresia humilis meadow

(t = 4.35, P = 0.001) while significantly increased

the Ndfa% values in a Leymus chinensis steppe

(t = -4.78, P = 0.002). However, this effect was

minor (1.00 vs. 0.91 in the alpine grassland and 1.15

vs. 1.16 in the temperate grassland). Considering a

possible transfer of fixed N from a legume to a

reference plant, our estimates of N2-fixation is

conservative. Nonetheless, symbiotic N2-fixation

estimated in this study is much higher than reported

earlier for a similar temperate steppe (0.15 g N m-2,

Li et al. 2002) and alpine grasslands (0.49 g N m-2,

Bowman et al. 1996) despite similar values of

%Ndfa. This is mainly ascribed to the higher biomass

in our studied sites. In contrast, with similar %Ndfa

values, the N2-fixation by legumes amounted to

2.6 g N m-2, also only on the above-ground biomass

basis, in Swiss Alps (Jacot et al. 2000b), two times

higher than our estimation. A possible explanation is

that the lower altitude of the sites in the Swiss Alps

gives rise to higher temperature and leads to a high

net primary production and thus a high N input by

legumes. Furthermore, in this study excluding the two

grasslands from grazing for several years might have

decreased the N output. As a result, the necessity for

N inputs was also low. The N2-fixation by legumes in

this study by far exceeded the N2-fixation by soil

crust (3–8 mg N m-2) in Inner Mongolia (Holst et al.

2009), while it is comparable to the N input by

precipitation (0.72–1 g N m-2) and the N2-fixation

by azotobacter (0.5 g N m-2) in alpine meadows

(Zhang and Cao 1999).

The role of symbiotic N2-fixation in these grass-

lands can be assessed by the balance of the seasonal

N demand by grasses and the seasonal N release by

mineralization of SOM. In the alpine meadow, the

seasonal N accumulation was 27 g N m-2 as esti-

mated by Cao et al. (2004), who reported that the

seasonal N release by mineralization was around

16 g N m-2 year-1. In the temperate steppe, N

accumulation totaled 7.5 g N m-2, while net miner-

alization was reported to be 12 mg m-2 day-1 (Yang

et al. 2005). Assuming that growing season totals

150 days, the seasonal N release by mineralization

would be about 1.8 g N m-2. Because both studied

grasslands were not grazed, the N demand can be

regarded as the conservative seasonal N demand by

grasses. The gap between the N demand and the N

Table 2 Nitrogen fixation by legume plants (g N m-2) in a

Kobresia humilis meadow and a Leymus chinensis steppe

Kobresia
humilis
meadow

Leymus
chinensis
steppe

Astragalus sp. 0.25b

Gueldenstaedtia diversifolia 0.36b

Oxytropis ochrocephala 0.21b

Trigonella ruthenica 0.17b

Thermopsis lanceolata 0.95a

Melissitus ruthenica 0.20b

SUM 1.00* 1.15*

Different letters indicate significant differences at the P \ 0.05

level between plant species across the two grasslands. The

asterisk indicates no significant difference in N2-fixation

between two grasslands
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supply is about 5.7 g N m-2 year-1 in the temperate

grassland and 11.0 g N m-2 year-1 in the alpine

grassland. The N input by legumes estimated based

on the above-ground biomass, accounts for 9% of the

gap in the alpine Kobresia meadow and 20% in the

temperate Leymus steppe. The small contribution of

legumes to the alpine Kobresia meadow could be

related to the low soil temperature during growing

seasons which limits the rhizobium-legume symbio-

sis. Besides aboveground parts, roots also contribute

to N input. Chen and Wang (2000) and Xu et al.

(2004) approximated that one third of the roots in

alpine meadows were replaced in 1 year and

observed a 50% root turnover in temperate steppes.

Assuming a similar root to shoot ratio for legumes as

the whole plant community, the N2-fixation in the

legume roots amounts to 0.72 and 0.32 g N m-2 in

the alpine meadow and the temperate steppe, respec-

tively. As a result, the legumes contributed at least

16% to fill in the gap between N demand and supply

in the alpine grassland and 26% in the temperate

grassland. This indicates that, not as presupposed

previously, the contribution of biological N2-fixation

by legumes is important on an annual scale in alpine

and temperate grasslands. The legume litter is easy to

decompose by soil microorganisms and provides

plant-available N for plants (Ledgard and Steele

1992; Mulder et al. 2002). This invalidates our

hypothesis that symbiotic N2-fixation by legumes

makes small contribution to alpine and temperate

grasslands because of low temperature.

Conclusion

The %Ndfa values of legume plants in both the alpine

Kobresia meadow and the temperate Leymus steppe

were comparable to those observed in other alpine

and temperate grasslands. The total N2-fixation in

aboveground parts was estimated to be 1.00 g N m-2

in the alpine Kobresia meadow and 1.15 g N m-2 in

the temperate Leymus steppe, respectively. Despite

these low amounts of N fixed, N2-fixation by legumes

could contribute 9% (alpine Kobresia grassland) and

20% (temperate Leymus grassland) to reduce the gap

between the seasonal demand and release of N in the

two grasslands. We suggest that symbiotic N2-fixation

by legumes is important for plant N-nutrition in

ungrazed alpine Kobresia and temperate Leymus

grassland on an annual scale.
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