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Nitrogen addition increases sexual
reproduction and improves seedling
growth in the perennial rhizomatous
grass Leymus chinensis
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Abstract

Background: The Eurasian steppe is an important vegetation type characterized by cold, arid and nitrogen poor
conditions. At the Eastern edge, including in the Songnen grassland, the vegetation is dominated by Leymus
chinensis (henceforth L. chinensis) and is increasing threatened by elevated anthropogenic nitrogen deposition. L.
chinensis is a perennial grass that mainly reproduces vegetatively and its sexual reproduction is limited. However,
sexual reproduction plays an important role influencing colonization after large disturbances. To develop an
understanding of how elevated nitrogen deposition changes the plant community structure and functioning we
need a better understanding how sexual reproduction of L. chinensis changes with nitrogen enrichment. Here we
report on a field experiment where we added 10 g N m− 2 yr− 1 and examined changes in seed traits, seed
germination and early seedling growth.

Results: Nitrogen addition increased seed production by 79%, contributing to this seed increases were a 28%
increase in flowering plant density, a 40% increase in seed number per plant and a 11% increase in seed weight.
Seed size increased with a 42% increase in large seeds and a 49% decrease in the smallest seed size category. Seed
germination success improved by 10% for small seeds and 18% for large seeds. Combined, the increased in seed
production and improved seed quality doubled the potential seed germination. Subsequent seedling above and
below-ground biomass also significantly increased.

Conclusions: All aspects of L. chinensis sexual reproduction increased with nitrogen addition. Thus, L. chinensis
competitive ability may increase when atmospheric nitrogen deposition increases, which may further reduce overall
plant diversity in the low diversity Songnen grasslands.
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Background
In many grasslands, the diversity of the vegetation is
driven by a diversity of low abundance broadleaf forbs,
whereas most of the biomass is contributed by a low di-
versity of grasses [1]. In more stressful grasslands, such
as the Songnen grasslands, which have a high pH, arid
climate and strong nitrogen limitation [2], the overall
plant diversity is low and the grass component can be
dominated by a single species, such as L. chinensis [3].
In such a vegetation the structure and functioning of the
entire ecosystem is closely associated with the traits and
ecology of the dominant species. In most perennial
grasslands worldwide, the dominant grasses mainly re-
produce vegetatively and seed production is often low
[4]. However, sexual reproduction is still important be-
cause seeds are key for long distance dispersal and seeds
play an important role to reestablish vegetation after
major disturbances [5]. Sexual reproduction is influenced
by the seed number and the seed quality [6]. Particularly,
larger seeds are beneficial because of increased seedling
growth especially under unfavorable conditions [7].
Worldwide, in many grasslands there is increased ni-

trogen deposition [8, 9] including in China. Background
annual atmospheric nitrogen deposition in the North
China Plain is in the order of 2 g N m− 2 yr− 1, whereas
current rates are as high as 15 g Nm− 2 yr− 1 at some
areas [10]. Similar increases are predicted for many more
areas in the North China Plain grasslands. Most studies
examining the impact of elevated nitrogen deposition in
grasslands focus on net primary productivity [11], or
vegetative plant reproduction, and largely ignore changes
in plant sexual reproduction. However, increased nitro-
gen availability also changes plant growth [12] and fre-
quently increases total seed production, increases the
relative biomass allocation to reproduction [13, 14], and
seed production becomes more stable over time [15–17].
Nitrogen fertilization increases seed production by either
increasing seed number, the weight of each seed or a
combination of both. However, species differ in this,
some species such as Festuca rubra L. do not change
seed weight with nitrogen addition [18], whereas as
other grasses such as Lolium perenne L. do increase seed
weight [19].
Leymus chinensis (Trin.) Tzvel, is the dominant peren-

nial, rhizomatous grass widely distributed in the eastern
regions of the Eurasian steppe zone, including the Song-
nen plain [2]. In Songnen grasslands, it is contributing
80–90% to the total vegetation biomass [3]. Previous ni-
trogen addition studies have focused on community
productivity and diversity and found that nitrogen
addition lowers plant diversity and increases net primary
productivity because of an increase in shoot density and
individual shoot weight [20, 21]. However, how sexual
reproduction of L. chinensis changes in relation to

increased nitrogen has largely been ignored. We simu-
lated atmospheric nitrogen disposition in a nitrogen
addition experiment to examine changes in sexual
reproduction in L. chinensis. We hypothesized that ni-
trogen addition (1) increases seed production, because of
increased resource availability; (2) increases average seed
weight, because increased resources allow all seeds to
fully develop thereby reduces the amount of inferior
seed; (3) improves seed quality as measured by increased
seed germination and seedling growth, because of larger
seeds.

Results
Nitrogen addition significantly increased sexual
reproduction, specifically the flowering plant density, seed
number per plant, thousand seed weight, and the seed
number per square meter produced (Tables 1 and 2).
Some aspects of sexual reproduction such as the flowering
plant number and seed density varied among the years,
whereas the seed number per plant and thousand seed
weight did not vary among the years (Table 1). Nitrogen
addition induced a 48.7% decrease in the small seed (< 2.1
mg) proportion and an average of 42.3% increase in the
large seed (2.6–3.0, > 3.0 mg) proportion (Fig. 1).
Germination success of large and medium seeds in-

creased significantly with nitrogen addition, however
there was no change for the smallest seed size category
(Fig. 2a, Table 1). Germination success also varied sig-
nificantly among years, but only for the largest seed cat-
egory (Fig. 2a, Table 1). In contrast to the germination
success, the germination rates of all seed sizes signifi-
cantly increased with nitrogen addition and varied sig-
nificantly among the years (Fig. 2b, Table 1).
Seedling growth, as indicated by the seedling shoot and

root biomass, in both large and small seeds increased sig-
nificantly with nitrogen addition consistently among years,
except for the largest seed category (Fig. 3).
The potential number of seeds that are produced that

can germination significantly increased with nitrogen
addition, but also showed significant differences among
the three sampling years (Table 1). This pattern in poten-
tial seeds produced available for germination matched the
pattern in the flowering plant density (Fig. 4, Table 2).

Discussion
In line with the first and second predictions, nitrogen
addition increased all sexual reproduction components
that contribute to total seed production of L. chinensis,
i.e. flowering plant density, seed number per plant, and
seed weight. The seeds produced on each plant shoot
and the seed weight are determined by the growing con-
ditions during the year of flowering, hence nitrogen
addition has a direct influence [22]. Increased seed
weight is likely caused by the increased resource
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availability resulting from nitrogen addition [23, 24].
However, an important component leading to increased
seed production was the higher flowering plant density.
Flowering shoots originate from belowground tillers that
were produced in the previous late summer and early
fall, thus are influenced by nitrogen addition in the year

before seed production. Previous research in tall fescue
and ryegrass grassland added nitrogen not every year and
shows that both flowering plant density and seed weight
did not respond much to nitrogen addition [18, 19]. Thus,
because different components that determine total seed
production were influenced in different years, multiple

Table 1 Results of the two-way ANOVA examining the effects of the experimental year and nitrogen addition on vegetation, plant
and seed changes. Presented are the F and P values of ANOVA’s, n = 6 for all vegetation and plant measurements and n = 3 for all
germination measurements

Dependent trait Year (Y) Nitrogen addition (N) Y × N

F P F P F P

Flowering plant density (no. m2) 4.003 0.029 51.809 0.000 0.084 0.919

Seed no. per plant 1.347 0.276 9.696 0.004 0.708 0.501

Thousand seeds weight (g) 3.186 0.057 41.986 0.000 0.371 0.693

Seed no. (m2) 4.052 0.028 34.716 0.000 1.394 0.264

Potential germination no. (m2) 9.908 0.001 50.813 0.000 3.419 0.046

Germination success (%)

< 2.1 mg 9.564 0.003 0.503 0.492 0.503 0.617

2.1–2.5 mg 2.207 0.153 7.091 0.021 2.207 0.153

2.6–3.0 mg 28.123 0.000 3.280 0.005 0.822 0.463

> 3.0 mg 15.449 0.000 31.223 0.000 2.092 0.166

Germination rate

< 2.1 mg 4.193 0.028 6.820 0.023 1.373 0.290

2.1–2.5 mg 4.332 0.038 6.379 0.027 0.034 0.967

2.6–3.0 mg 69.209 0.000 41.444 0.000 4.663 0.032

> 3.0 mg 57.227 0.000 62.229 0.000 16.346 0.000

Seedling shoot biomass (g individual−1)

< 2.1 mg 2.316 0.141 15.235 0.002 0.431 0.659

2.1–2.5 mg 1.664 0.230 15.698 0.002 0.554 0.589

2.1–2.5 mg 1.112 0.361 5.844 0.032 1.165 0.345

> 3.0 mg 6.854 0.010 74.894 0.000 10.609 0.002

Seedling root biomass (g individual−1)

< 2.1 mg 1.804 0.206 8.207 0.014 0.294 0.750

2.1–2.5 mg 1.149 0.349 17.894 0.001 2.710 0.093

2.1–2.5 mg 1.160 0.345 21.745 0.001 0.098 0.907

> 3.0 mg 0.110 0.896 5.558 0.036 0.777 0.482

† Bold text represents the significant values was less than 0.05 (P < 0.05)

Table 2 Flowering plant density and seed number per plant, thousand seed weight, and seed density in control plots and nitrogen
addition plots. The data are expressed as means ±1 SE, n = 6 per treatment

2007 2008 2009

Control Nitrogen Control Nitrogen Control Nitrogen

Flowering plant density (no.m2) 82.2bc ± 3.5 104.2a† ± 5.2 79.7bc ± 2.8 104.0a ± 3.7 72.5c ± 3.6 93.8ab ± 3.9

Seed no. per plant 14.0ab ± 1.2 22.1a ± 2.5 13.5ab ± 3.5 18.1ab ± 8.1 13.1b ± 1.5 16.4ab ± 5.2

Thousand seeds weight (g) 2.1c ± 0.1 2.3ab ± 0.1 2.2bc ± 0.1 2.5a ± 0.1 2.2bc ± 0.1 2.4ab ± 0.1

Seed no. per (m2) 1151.0bc ± 42.8 2300.5a ± 299.6 1089.3c ± 68.3 1897.8ab ± 86.5 960.3c ± 34.7 1522.3bc ± 119.0

† For each variable, values with different letters indicate the significant differences between control and nitrogen addition treatment among three experimental
years (P < 0.05, from post hoc comparison). For ANOVA results, see Table 1
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years of nitrogen addition may promote responses similar
with natural nitrogen deposition in a long-term. Do note
that we simulated the increase in nitrogen deposition by
adding a onetime nitrogen pulse each year. This differs
from current and anticipated future increased atmospheric
nitrogen deposition; the wet part of atmospheric depos-
ition is more closely linked to the annual precipitation
patterns and the dry deposition component is more evenly
distributed throughout the year. It is unclear if our experi-
mental onetime pulse nitrogen addition benefits L. chinen-
sis more than other plant species, and there is a need for
experiments that more closely use a continuous addition
of nitrogen that better mimics natural patterns of atmos-
pheric nitrogen deposition.
Nitrogen addition reduced both the number and pro-

portion of small seeds and increased the germination
success and germination rate of all larger seed categor-
ies, which consistent with the third prediction. Small
seeds typically are lower quality seeds with reduced ger-
mination and seedling growth rates. Previous research
on L. chinensis has also shown that small, inferior seeds
may contain chemical or microorganisms that inhibits
the germination of all, including larger seeds [25]. Re-
gardless of the mechanism, clear is that the increase in
absolute and proportional seed weight is the likely main
driver of improved total seed quality. Nitrogen addition
also improved seedling growth in both small and big
seeds, which typically is caused by increased metabolic
resources present in the nitrogen induced larger seed
[26, 27]. This increase in resources can speed up seed
germination because the radicle can break the seed coat
faster, speeding up the nutrient absorption from the soil,

and hence seedling growth [26–28]. This faster seed-
ling establishment is an advantage for new stand es-
tablishment because earlier developing seedlings can
obtain more resources, thereby gaining a competitive
advantage to later germinating seeds [29, 30]. We also
found a significant difference in seed germination
success and rate among our three sampling years.
Rainfall was above normal during the early part of
the growing season when seeds develop in the first 2
years of our experiment (Fig. 5). This increased rain-
fall may have contributed to this increased germin-
ation success and rate, because adequate soil moisture
supply is beneficial to seed development [31].
In summary, nitrogen addition not only significantly

promotes seed productivity and size, nitrogen addition
also increases seed germination and growth. Thus,
with anticipated future increases in atmospheric nitro-
gen deposition, L. chinensis competitive ability may
benefit from such increased nitrogen availability be-
cause of the increased seed number that can increase
the soil seed bank and larger seeds that enhance ger-
mination and seedling growth. Such an increase in
competitive ability may lead to increased dominance
of L. chinensis, as has been shown in many nitrogen
addition studies that show increased dominance of a
single grass species [1, 11]. The Songnen grasslands
are characterized by low plant diversity, and increased
L. chinensis dominance with increased atmospheric
nitrogen addition may further decrease overall plant
diversity as has been documented in many other ni-
trogen addition experiments [32], and studies using
atmospheric nitrogen deposition gradients [33].

Fig. 1 Seed size distribution of four seed weight fractions for control and nitrogen addition treatments for three years. Presented are the means ±1 S.
E for 6 replications
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Conclusions
We show here that nitrogen addition significantly increases
all aspects of sexual reproduction in L. chinensis. Nitrogen
addition increased flowering plant density and seed number
per plant, also increased seed quality, by increasing the
average seed weight, increasing the proportion of larger
seed and decreasing the smaller seed proportion. This in-
crease in seed quality improved both seed germination and
subsequent seedling growth. Thus, under anticipated future
increased nitrogen deposition, Leymus chinensis competi-
tive dominance may further increase.

Methods
Study site
The study site was conducted at the Grassland Ecosystem
Field Station of the Northeast Normal University at

Songnen Grassland, China (123 °44′E and 44 °40′N, 137.8–
144.8m a.s.l.). The mean annual precipitation of the area is
360mm (1989–2017), with most of the rainfall in this mon-
soon climate occurring during the growing season from
June to August. The air temperature is highest in July,
22~25 °C and coldest in January − 22~ − 16 °C. The major
soil type is Mollisols. The soil contains 19.6 ± 1.3 g nitrogen
kg− 1, 29.4 ± 3.0 g organic carbon kg− 1, and has a pH of
8.64 ± 0.2 in the 0–25 cm depth horizon (n = 3 for all mea-
surements [29]. The plant community at the experimental
site is dominated by L. chinensis with about 80% cover,
other common species are Calamagrostis epigeios, Chloris
virgata and Puccinellia tenuiflora. Currently, the atmos-
pheric nitrogen deposition rate at our study location in the
Northeast region of China is about 5 gNm− 2 yr− 1 and is
projected to continue to increase [34, 35]. This research

Fig. 2 Seed germination (a) and seed germination rate (b) of four seed weight fractions in three years for control and nitrogen addition
treatments. Germination rate was calculated according to the following equation: germination rate = ΣG/t, where G is the percentage of seed
germinated at 1 day interval and t is the total germination period. Presented are the means ±1 S. E for 3 replications
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examines a native plant species that does not require any
special permit. Research permission was obtained for this
project from the Key Laboratory of Vegetation Ecology,
Ministry of Education, Northeast Normal University.

Species description
L. chinensis, a perennial, rhizomatous grass widely distrib-
uted in the eastern regions of the Eurasian steppe zone

[30]. L. chinensis is tolerant to saline-alkali soil, extreme
drought and cold, and has high palatability for livestock
likes cow and sheep [31]. L. chinensis flowers in late May
to early June, seed matures in late July and grows vegeta-
tively until October, after which aboveground shoots die
and plants go dormant until the next spring. The flower-
ing and vegetative plant shoots have a height of 70 cm and
50 cm, and each shoot has 3 to 8 leaves.

Fig. 3 Aboveground shoot and belowground root growth for four seed weight fractions in three years for control and nitrogen addition
treatments. Presented are the means ±1 S. E for 3 replications

Fig. 4 Potential number of germinating seed density based on control versus nitrogen seed production. Presented are the means ±1 S. E for 6
replications. Different letters indicate the significant differences between control and nitrogen addition treatment among three experimental
years (P < 0.05, from post hoc comparison). For detail ANOVA results, see Table 1
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Experimental design and measurements
This experiment used a randomized complete block
design with six replicate blocks laid out in twelve
plots, with each block including one nitrogen addition
plot and one control plot. Plot size was 3 × 4 m and
plots were separated by a 3 m border. 10 g m− 2 of ni-
trogen was added to simulate nitrogen deposition
using ammonium nitrate fertilizer (99% purity) at the
end of June each year. Nitrogen addition start in 2006
and we measured the vegetation in 2007 to 2009. In
May 2006, a permanent 1 × 1 m quadrat was located in
the center of each plot. The density of L. chinensis
vegetative and flowering (spike) shoot population was
determined at the mature seed stage at the end of July
in each year. 20 flowering plant shoots in each plot
were randomly sampled to count with the spike seed
and floret numbers (Voucher specimens deposited in a
public samples storage room of Institute of Grassland
Science, Northeast Normal University. The formal
identification of samples was done by SG and [JW]1).
Filled seeds with glumes were air-dried for 3 weeks in
laboratory conditions before measuring the thousand-
seed weight (seed from the same block was considered
as one sample and labelled using sample time with
block identification. For details see the supplementary
material). The thousand-seed weight was calculated
from the weight of 100 seeds multiplied by 10. The
seed number per square meter was calculated based
on the flowering plants density multiplied by the plant
shoot seed number.

Each year five hundred mature seeds in each treatment
were randomly selected and we calculated the proportion
of seed mass in each class with three replications (the seed
was divided into 4 groups with mass of < 2.10, 2.10–2.54,
2.55–3.00, > 3.00mg). Then, 20 seeds of each weight
group were randomly selected with three replications,
placed into a sealed Petri dish (11 cm diameter) with
double-layer filter paper for the germination test. The
Petri dishes were placed into growth chamber (HPG-400,
Haerbin DL technology development Co. Ltd., Haer12bin,
China) with a 30 °C/14 h light, 20 °C/10 h dark.
Before starting the germination test, seeds were steril-

ized using 5% potassium permanganate solution for 10
min. The cumulative seed germination rate was recorded
each day until no more seeds germinated over a 20-day
period. All seedlings were grown for 15 days and then har-
vested to determine seedling shoot biomass (SSB) and
seedling root biomass (SRB). All samples were oven dried
at 65 °C for 24 h. Germination success (GS) = Gt/S × 100,
where Gt is the germinated seed number and S is the sum
number of germinated seeds and potentially viable seeds
[36]. Germination rate (GR) = ∑G/t, where G is the per-
centage of germinated seeds per day and t is the total ger-
mination period. Potential seed germination (the
proportion of seeds that will germinate) per square meter

was calculated using: (SG) =
P4

i
TS � RF � GS , where TS

is the total number of seeds per square meter; RF is the
proportion of each mass class and GS is the germination
success (%).

Fig. 5 Average and actual monthly precipitation. Long-term average precipitation is based on monthly average precipitation from 1989 to 2009,
collected at the weather station of the Ecosystem Field Station of Northeast Normal University, which is located close to the research site. The
actual monthly data is from an eddy meteorological tower located adjacent (~ 200 m) to the experimental plots
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Data analysis
To determine the effect of nitrogen addition effect,
yearly differences and year by nitrogen interaction on
seed production, germination and seedling growth, we
used General Linear Models. Comparisons of means be-
tween control and nitrogen addition treatments during
experimental period were performed with Tukey’s post
hoc test for each variable. All statistical analyses were
performed using the SPSS (SPSS 22.0, SPSS Inc.,
Chicago, USA). As criteria for statistical significance we
used α = 0.05.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12870-020-2307-8.
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