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Management Regimen and Seeding Rate Modify Seedling
Establishment of Leymus chinensis☆

G.X. Liu a,b, F. He a, L.Q. Wan a, X.L. Li a,⁎
a Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing, China
b College of Life Science, Hebei University, Baoding, Hebei Province, China

a b s t r a c ta r t i c l e i n f o

Keywords:
Leymus chinensis
regeneration niche
reseeding
restoration
seedling establishment

Broadcasting of Chinese wild rye, Leymus chinensis seeds (without plowing) is the long-standing recom-
mendation for reseeding degraded grasslands in Northern China. However, no experimental assessments
have been made to determine which management options, including presow harrowing, postsow cutting,
nitrogen fertilizer, and seeding rate, may influence the establishment of L. chinensis seedlings after broad-
casting. We conducted a 2-year field study that quantified the relative impacts of these factors on seedling
emergence, survival, and growth on a degraded short-grass steppe site at SaiBei, Hebei Province, China.
Broadcast seeding of L. chinensis after harrowing resulted in the highest seedling emergence (16.4%), seed-
ling survival (62.5%), and plant height (8.5 cm) compared with the other management regimens assessed.
By Year 2, survival was 10 times greater in plots where harrowing had been implemented. Thisfindingwas
especially important because of the drought conditions that occurred during the study period. The lowest
seeding rate (400 seedsm−2)was linkedwith 15% seedling emergence and average heights of 7.3 cmat the
end of the 2 years. It is our recommendation that seedling establishment is optimized when harrowing is
used for initial soil preparation and seed dispersal. Harrowing improved seed–soil contact, increased the
number of seed safe sites on the soil surface, and reduced competition from the already existing sward.

© 2015 Society for Range Management. Published by Elsevier Inc. All rights reserved.

Introduction

Leymus chinensis (Trin.) Tzvel. is a native perennial rhizomatous
grass with economic and ecological importance as fodder because
of its good palatability and high forage value (Wang et al., 2004b).
Grasslands dominated by this species are widely distributed from
the southern Chinese loess plateau (approximately 107°00′E, 34°00′
N) to the northern Russian Baikal (107°40′E, 53°00′N), and from
the Sanjiang plain in eastern China (135°05′E, 49°27′N) to Ulan
Bator (106°53′E, 47°55′N) of Mongolia (Wang et al., 2004a).
L. chinensis grasslands are among the most important grazing and
mowing pastures in China (Wang et al., 2004b). This distribution
covers a range of climates from semiarid to subhumid (Wang et al.,
1999). However, heavy grazing in recent decades has degraded
these grasslands, leading to their conversion for arable cropping. Pro-
ductivity and profitability have declined, and environmental hazards
such as dust storms have carried away the newly exposed dry topsoil
by strong northeasterly winds.

Previous experiments have shown that reseeding is themost eco-
nomical and effective way to reestablish L. chinensis populations on
degraded sites. Researchers have also recommended that
L. chinensis be resown along with other desirable, competitive native
species, such as Agropyron cristatum (L.) Gaertn., Bromus inermis
Leyss, Elymus dahuricus Turcz., and the legume Melissitus ruthenica
(L.) Peschkova (Gao, 2004; Zhao and Sun, 2004).

The seedling stage is a vulnerable time of developmentwithin the
plant life cycle. Thus seedling establishment is a critical period for
successful species recruitment and restoration (Hofmann and
Isselstein, 2004; Kitajima and Fenner, 2000). Consequently, the envi-
ronment immediately surrounding a seed or seedling is an important
determinant of establishment, vigor, and development of a plant
community structure. Seedlings can fail to establish because of unfa-
vorable grassland conditions such as competition fromdense existing
vegetation and/or nutrient limitations (Elmarsdottir et al., 2003;
Muller et al., 1998). Furthermore, agronomic variables must be opti-
mized to ensure high establishment rates. Such variables include
how the soil surface is disturbed (e.g., harrowing, raking, or plowing;
the type of nitrogenous fertilizer applied; cutting regimens [frequent
use or performed just before resowing]); and seeding rate.
Harrowing or presow rakingmay positively affectmicrosite availabil-
ity (Hofmann and Isselstein, 2004; Schmiede et al., 2012), providing
the optimal environmental cues to trigger germination (Fleischer
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et al., 2013; Hofmann and Isselstein, 2004), and improve seedling es-
tablishment (Juenger and Bergelson, 2000; Pugnaire and Lozano,
1997). The quantity of nitrogenous fertilizer appliedmay also strong-
ly influence plant succession (Tilman, 1986, 1987). Somefield studies
have shown that nitrogen enrichment increases the likelihood of es-
tablishment (Chambers, 1989; Sultan et al., 1998; Young et al., 1997).
Frequent cutting after seedlings begin to grow can also significantly
improve establishment and sward density (Hofmann and Isselstein,
2004, 2005). For several grass species, certain seeding rates have
made important contributions toward successful seedling establish-
ment (Black et al., 2006; Bouzid and Papanastasis, 1996; Young
et al., 1994), and a high rate is often recommended (Eriksson and
Eriksson, 1997; Hopkins et al., 1999).

Historically, improvements to management strategies with
L. chinensis have focused on increasing the density and aboveground
biomass in reestablished swards within 1 or 2 years after reseeding
(Gao, 2004; Zhao and Sun, 2004). Methods to optimize seedling re-
cruitment for this species, however, have not been evaluated, al-
though such insight could potentially inform restorative grassland
management or “rehabilitation practices” (Ueckert, 1979). Broadcast
seeding (without plowing) is the recommended method for
reseeding L. chinensis in Northern China (Li, 1996; Wang et al.,
2004a). However, no experimental assessment has been conducted
to compare the L. chinensis seedling emergence, growth, and survival
associated with broadcasting versus alternative approaches such as
harrowing, postsow cutting, nitrogen applications, and adjustments
to seeding rates. Therefore our investigation involved a comparative
analysis of establishment for this species in response to presow
harrowing, postsow cutting, nitrogenous fertilizer, and seeding
rates. The following hypotheses were addressed: seedling establish-
ment of L. chinensis by broadcasting the seeds into degraded grass-
land 1) would be hard to succeed without additional management
regimen and 2) would benefit from presow harrowing, postsow cut-
ting, nitrogen fertilizer and increasing seeding rate, and/or the inter-
active effects of these factors.

Materials and Methods

Site Description

This study was conducted at the National Field Station of Grass-
land Ecosystems (NFSGE) (41°45′~41°57′N, 115°39′~115°48′E;
1400 m above sea level) located at SaiBei, Hebei Province, China,
south of the Xilingol steppe grassland. The climate of NFSGE is semi-
arid, with a mean annual precipitation of 398.8 mm that mainly falls
in July, August, and September. Mean annual temperature is
1.9°C, and mean minimum temperature in coldest months (January)
is –17.4°C. Annual average wind speed is 4.3 m · s−1. The growing
season lasts approximately 100 d (Meteorology Station, Gu Yuan
ranch). The main soil type, chestnut, is sandy clay loam texture and
slightly alkaline (pH 7.6). During our experimental period, from
June 2005 to September 2006, total rainfall was lower than average
(Fig. 1). Differences in mean monthly rainfall and temperature data
between our experimental years and the 20-year average values are
shown in Figure 1, and soil nutrient values for the study site are pre-
sented in Table 1. Historically, the most common vegetation on this
site had been a mixture of Poaceae (Gramineae) and Compositae
members, such as L. chinensis, B. inermis, and species of Artemisia
(Liu, 1985). However, the recently degraded site is now dominated
by the forbs Artemisia eriopoda Bunge, A. Tanacetifolia Linn., Saussurea
amara (L.) DC, and Potentilla tanacetifoliaWilld. ex Schlecht., plus the
grasses Cleistogenes squarrosa (Trin.) Keng and Poa annua Linn.
(Zhang, 2007).

Plant Material

Seeds of Leymus chinensis were harvested in autumn 2004 from
natural populations growing wild in the SaiBei Administrative.
Seeds were air-dried at room temperature, cleaned, and stored in
paper bags. Seed quality was examined visually by assessing the ex-
tent to which grains were “filled” by gently squeezing individual
seeds to test the ease with which the embryo was exposed. In total,
2500 seeds per harvested batch were randomly selected for this as-
sessment. Their viability was determined via germination tests of
400 filled seeds, as recommended by the Association of Official Seed
Analysts (1988).

Experimental Design

Weused two terms to distinguish plant status: 1) “seedling estab-
lishment,”which refers to seedlings that survive for a second year of
growth (c.f., Cook, 1980; O’Connor, 1996) and 2) “seedling recruit-
ment,”which described only survival through the early developmen-
tal stages of germination, emergence, and initial seedling growth.

The experimentwas conducted in a split-split-split plot designwith
five replications. In each replication, the main plots were randomly
assigned to two cultivation harrowing treatments: 1) control (i.e., no
additional mechanical disturbance to the soil before seed was sown);
and 2) harrowing, which was done 3 d before sowing by pulling a
metal rake through the grassland until the soil surface layer was dis-
turbed to a depth of 5 to 10 cm and 50% of the tiller densitywas dimin-
ished. In themainplot, twopostsowcutting treatmentswere randomly
allocated and there was no cutting (control) or cutting at 35 d
postsowing to achieve a vegetation height of 5 cm. At the subplot
level, treatments comprised either the control (none) or fertilizer
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Fig. 1. Annual precipitation A and temperature B based on averages of 20-year and
experimental year monthly (data gathered at SaiBei weather station).
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applied at 100 kg·hm−2 KNO3 randomly allocated to them. At the sub-
sub plot level, three seeding rates of 400, 800, or 1200 seeds · m−2

were randomly nested within the nitrogen application treatments.
Thus a total of 120 experimental units were assessed. The distance be-
tween blocks and main plots was 2 m, with 1 m buffer between the
subsidiary plots. All treatments were applied to the 2 × 2 m2 experi-
mental units.

Cutting was done 35 d postsowing in plots that received postsow
cutting treatment. The existing vegetation in postsow cutting treat-
ment plots was cut to a height of less than 5 cm, and care was
taken to ensure that the seedlings were not cut. Harrowing was car-
ried out 3 d before the seeds were hand sown on 11 June 2005. After-
ward, the soil for all treatments was compressed with a roller.
Livestock were excluded from the study sites. As germination
proceeded, pesticides (active ingredient malathion) were used to
control invertebrate herbivores such as grasshoppers and flea beetles
in the experimental site.

The experimentwasmonitored for two growing seasons between
June 2005 and September 2006. Seedling emergence, height, and sur-
vival were recorded along with the number of tillers produced per
seedling (see Liu et al., 2008). The positions of emerged seedlings
were marked with colored toothpicks. Survival was assessed on 21,
25 June; 3, 17 July; 7, 21, 30 August; 12 September 2005; and on
the 21st of June, July, and August 2006.

At the end of the first season (12 September 2005), the growth of
10 randomly selected seedlings from per-treatment type was
assessed nondestructively on the basis of their heights (extended
leaf lengths) and numbers of tillers.

Seedling density for 1m2was obtained bymeasuring seedlings in
the center 0.5 m × 0.5 m of each treatment on 21 August and 12
September 2005, and on 21st of June and August 2006. Vegetation
cover was estimated by the point method, using a 100-cell grid and
registering the number of plant contacts obtained by introducing a
15-cmneedle into 40 different cells (cover=proportion of contacts).

Statistical Analysis

Seedling survival was log transformed, and number of tillers and
seedling density were square root transformed, to achieve normality
and homogeneity of variances. Means were back transformed to re-
port the data. Linear mixed effects models were performed to test
the effect and interaction of the four treatments (harrowing, cutting,
fertilizer, and seeding rate) on seedling emergence, height, and num-
ber of tillers. Repeatedmeasure in GLMANOVAwas used to test sam-
pling date and four treatments’ (harrowing, cutting, fertilizer, and
seeding rate) effects on seedling survival and density, as well as to
test sampling date and two treatments’ (harrowing and cutting) ef-
fects on vegetation cover (SPSS, Chicago, IL, USA). Type III sums of
squares were used for the calculation of F statistics.

Results

Emergence

Most seedlings of Leymus chinensis emerged within 4 weeks of
sowing (early June); the remainder continued for another 7 weeks

(end of August). None emerged in 2006. The harrowing (P b 0.001)
and low seeding rate (P = 0.037) increased the percentage of emer-
gencemore than the other factors. Postsow cutting had no significant
effect on emergence (Table 2). Seedling emergence after harrowing
alone (16.4) was nearly twofold higher than without harrowing
(8.8). When seeding rates were compared, emergence was higher
at the lowest rates than to eithermediumor high rates. The best over-
all emergence values (22.8%)were found in plotswith harrowing and
nitrogen but had low seeding rates and no cutting.

First-Year Growth Performance

Harrowing and nitrogen application were associated with taller
seedlings (P b 0.001, P= 0.004, respectively). That is, the interaction
of postsow cutting and nitrogen application (P = 0.001), as well as
the interaction of harrowing, postsow cutting, and nitrogen applica-
tion (P b 0.001), significantly affected heights (Table 2). Harrowing
was linked to the tallest seedlings (P b 0.001) (average height 8.5
cm), which were 64.4% taller than seedlings in the no-harrowing
plots. Heights ranged from 4.6 cm for the control to 12.6 cm for seed-
lings receiving the treatment that combined all four variables. Nitro-
gen application and a high seeding rate also led to significantly taller
seedlings (P b 0.001) (Table 2).

Of the four main variables tested here, only the use of
harrowing (P b 0.001) increased the number of tillers produced
per seedling (average of 0.43; Table 2). A maximum of two tillers
was recorded for only 0.05% of all tillered seedlings. Tillering oc-
curred in only 22.9% of the harrowing plots when combined with
nitrogen and a low seeding rate.

Seedling Survival

Seedling survival was affected significantly by harrowing (P =
0.001) and seeding rate (P = 0.022) over time. Harrowing with
postsown cutting also significantly (P = 0.043) increased seedling
survival. In all sampling dates, survival was higher when harrowing
was implemented, and this rate was 8.2% higher than nonharrowed
plots in September 2005. The act of harrowing in the previous year
was associated with 5 to 10 times more seedlings surviving when
compared with no harrowing in June 2006 and August 2006. In plots

Table 1
Soil nutrient status at the experimental site.

Sampling
depth (cm)

Organic matter
content (g · kg−1)

Total nitrogen
(g · kg−1)

Nitrate
(mg · kg−1)

Available phosphorous
(mg · kg−1)

Available potassium
(mg · kg−1)

0-10 27.2 2.5 4.11 4.12 259.35
10-20 26.5 2.3 3.27 3.43 159.80
20-30 18.9 1.4 2.28 1.59 194.19

Table 2
Effects of harrowing, cutting, nitrogen application, and seeding rate on seedling
emergence, height, andnumber of tillers (mean±SE) of Leymus chinensis. Small letters
show statistically significant differences among harrowing, postsow cuttings, nitrogen
applications, or seeding rates at P b 0.05. n = number of samples.

Factor/treatment Level n Emergence
(%)

Seedling
height (cm)

Tillers
seedling−1

Harrowing No 60 8.81 ± 0.87b 5.15 ± 0.16b 0b

Yes 60 16.38 ± 1.28a 8.45 ± 0.37a 0.43 ± 0.53a

Postsow cutting No 60 14.09 ± 1.41a 6.68 ± 0.33a 0.22 ± 0.42a

Yes 60 11.09 ± 0.89a 6.91 ± 0.39a 0.22 ± 0.45a

Nitrogen
application

No 60 12.97 ± 1.14a 6.28 ± 0.31b 0.22 ± 045a

Yes 60 12.21 ± 1.25a 7.31 ± 0.39a 0.22 ± 0.45a

Seeding rate Low 40 15.43 ± 1.70a 6.68 ± 0.48ab 0.25 ± 0.49a

Medium 40 10.77 ± 1.26b 6.36 ± 0.37b 0.15 ± 0.36a

High 40 11.58 ± 1.31b 7.35 ± 0.44a 0.25 ± 0.44a
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where harrowing had not been done, none of the seedlings survived to
the end of the second growing season (Fig. 2A). Seedling survival was
significantly (P b 0.001) decreased over three sampling dates (from
September 2005 to June 2006 and August 2006), and total average
seedling survival decreased greatly from 58.4% in September 2005 to
5.7% in June 2006 and 2.6% in August 2006, respectively (Figs. 2A–
2D). No significant difference occurred among seeding rates in Septem-
ber 2005, while survival was twice as high in low seeding rate plots
compared with medium or high rates in June and August 2006
(Fig. 2D).

Seedling Density

Seedling density was positively affected by harrowing (P b 0.001)
and seeding rate (P b 0.001) over time but not affected by other fac-
tors and their interaction (P N 0.05) (Figs. 3A–3D). Seedling density
was decreased greatly (P b 0.001) throughout three sampling dates
(September 2005, June 2006, and August 2006), and total average
seedling density decreased significantly from 56.6 plantsm−2 in Sep-
tember 2005 to 1.1 plants m−2 in August 2006. In 2005 high seeding
rate had higher seedling density; however, by Year 2, density was
positively affected by harrowing only (Figs. 3A–3D). There was no
significant (P N 0.05) difference among postsowing cutting,

nitrogen-application treatment on all sampling dates (Figs. 2B and
2C). By Year 1, seedling density in high seeding rates was higher (P
b 0.001) than that in medium and low seeding rates; however, by
Year 2, there was no significant (P N 0.05) difference among seeding
rates treatments (Fig. 3D).

Vegetation Cover

Soil-surface disturbances (harrowing and harrowing with cutting)
significantly (P b 0.001) reduced the established vegetation cover in
contrast to control and cutting treatment both in 2005 and 2006, and
vegetation cover increased (P b 0.001) in 2006 for all treatments
(Table 3).

Discussion

Seedling Emergence

Our results confirm that, in contrast to broadcasting alone, soil
preparation by harrowing significantly enhanced seedling emer-
gence. This is in accord with findings from previous studies
(Hofmann and Isselstein, 2004; Juenger and Bergelson, 2000;
Schmiede et al., 2012). Previous research has shown that disturbing

Fig. 2.Effects of harrowing (A), postsowcutting (B), nitrogen application (C), and seeding rate (D) on seedling survival (mean±SE) of Leymus chinensisover 2 years. n=60 for each
level of harrowing, postsow cutting, nitrogen application treatment, and n = 40 for each level of seeding rate treatment.
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the soil surface by harrowing or plowing before sowing promotes
both seedling emergence and recruitment. Bossard (1991) has con-
cluded that the effect of soil disturbance on seedling establishment
may be positive or negative, depending on the presence of biotic or
abiotic stresses. Our results indicated that postsow cutting showed
no effects on seedling emergence. And this disagrees with previous
trials by Hofmann and Isselstein (2005), which have demonstrated

that frequent cutting can also increase seedling emergence in a highly
productive sward.

It has been postulated that buried seeds are more buffered from
the negative effects of drying andmore likely to germinate compared
with those that lie on the soil surface (Hyder et al., 1971; Montalvo
et al., 2002). In keeping with these observations, we found that
disturbing the soil via harrowing enhanced seedling emergence sig-
nificantly in our study, perhaps because of improved seed contact
with the soil and protection against a dry environment. This may
have been especially important at our experimental site, which is a
semiarid grassland where soil moisture is likely the main factor lim-
iting seedling emergence (Liu et al., 2008). Our results are also in ac-
cordwith those fromother researchers that found significantly better
germination when seeds were buried at a shallow depth (1 cm or 2
cm) compared with those scattered on the soil surface (Ambrose
and Wilson, 2003; Bernstein et al., 2013; Huang and Gutterman,
1998). Results from other studies conducted at the same study site
for L. chinensis from the same seed cohort indicate that the highest
seedling recruitment was achieved when seeds were buried at 1-2
cm depth (Liu and Han, 2007, 2008). Bernstein et al. (2013) also
found that rates of grass seed germination are significantly higher

Fig. 3. Effects of harrowing (A), cutting (B), nitrogen application (C), and seeding rate (D) on seedling density (mean± SE) of Leymus chinensis over 2 years. n=60 for each level of
harrowing, postsow cutting, nitrogen application treatment, and n = 40 for each level of seeding rate treatment.

Table 3
Effects of harrowing and cutting on vegetation cover (mean ± SE) over the 2 experi-
mental years.

Treatment n Vegetation cover (%)

June 2005 August 2006

Control 6 53.67 ± 4.37a 70.67 ± 3.93a

Harrowing 6 25.00 ± 3.58b 51.00 ± 7.48b

Cutting 6 49.83 ± 7.98a 65.50 ± 7.31a

Harrowing + Cutting 6 26.83 ± 3.54b 50.00 ± 6.75b

NOTE: n=number of samples. Repeatedmeasures ANOVA test of vegetation cover by
treatment showed significant (P b 0.001) differences on two sampling dates, as well as
significant (P b 0.001) differences between two times. Different letters indicate statis-
tically significant differences between treatments on each sampling date.
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in drill-seeded plots, whether irrigated or not. In contrast, seeds
broadcast on the surface failed to germinate well even when the
soil was irrigated or disturbed by cattle trampling. Dry-broadcasting
on the surface can also result in high losses due to soil-surface erosion
and seed predation (Montalvo et al., 2002).

Using a higher seeding rate may enhance the likelihood that a seed
reaches a safe niche (Call and Roundy, 1991; Sheley et al., 1999). Other
study results have suggested that increasing seeding ratemay promote
seedling emergence (Eriksson and Eriksson, 1997; Hopkins et al., 1999;
Williams et al., 2002). In contrast, however, we found that the lowest
seeding rate led to significantly greater emergence. Thismight indicate
that only a finite number of microsites existed in our study for seed-
lings to emerge and survive, even after harrowing. It appears that effec-
tive restoration strategies at our sitemay be linked to the availability of
suitable soil microsites (Elmarsdottir et al., 2003; Foster, 2001).

Seedling Survival and Establishment

In 2005, the first growing season, seedling survival was higher
than 50%. Mortality was probably a consequence of droughty condi-
tions and herbivore damage. In 2005, rainfall was less than the 20-
year average (21.7% below normal levels), especially during the
phases of germination and emergence that spanned June throughAu-
gust.We also observed 15%mortality due to feeding by grasshoppers
and flea beetles. However, for all treatments, the greatest seedling
losses (78–99%) occurred during winter. This observation concurs
with previous reports of low survival for direct seeding when com-
paredwith existing field populations (Montalvo et al., 2002;Morgan,
1997). The highmortality rate seen in our studymay have two expla-
nations. First, the seedlings emerged too late to develop sufficient
cold tolerance, especially the less vigorous ones that emerged near
the soil surface. In fact, we have shown previously (Liu, 2007) that
plant size before the onset of autumn may be a critical component,
and that L. chinensis can achieve a second-year survival rate of 50%
when seeds are sown into gaps early in the growing season. Second,
the relatively small seedlings that were established in our plots may
have been more susceptible to drought, which was severe from Sep-
tember 2005 until April 2006, where rainfall was 42% below the 20-
year average. In a normal or wetter-than-normal year, the rate of
mortality may have been lower. This assumption is supported by
our observations that seedling survival was better in low-lying plots
that retained more moisture, as well as under cattle and horse ma-
nure pats, locations where soil moisture was preserved and organic
matter and nutrients weremore readily available. We also suggested
this implies that the success of seedling recruitment was greatly af-
fected by precipitation.

In contrast to our expectations, the highest seeding rate resulted
in a significantly greater density of plants only in August and Septem-
ber 2005. Densities were not different between the medium and low
rates in 2006. Although the latter observation is in accordance with
those from some studies (Bouzid and Papanastasis, 1996; Burton
et al., 2006; Young et al., 1994), it contradicts others (Eriksson and
Eriksson, 1997; Hopkins et al., 1999). Our findings demonstrated
that using a low seeding rate could result in a significant savings in
seed costs with higher survival, an aspect that has been discussed
as well in earlier reports (Bouzid and Papanastasis, 1996; Burton
et al., 2006; Young et al., 1994).

Postsow cutting had no significant effect on seedling establish-
ment. This outcome may have been a function of factors associated
with the microenvironment at our test site. In semiarid regions that
are degraded and have lowproductivity, light is not themain limiting
factor. For our study, the lighting intensity was greater than 55% for
all treatments (see Liu, 2007). Although cutting done after sowing
would have temporarily decreased competition from the previously

established vegetation, that benefit did not persist because the vege-
tation cover in cut plots did not differ from that of the control (uncut
plots) and was actually higher than for plants cultivated in the
harrowed-only plots. On the contrary, frequent cutting on highly pro-
ductive grasslands can be used to improve seedling establishment
when light is indeed the main limiting factor (Hofmann and
Isselstein, 2004, 2005).

Although the application of nitrogen fertilizerwas associatedwith
taller seedlings during the first growing season, fertilizer did not af-
fect survival rates until the next season. This finding, which contrasts
with those fromprevious experiments (Chambers, 1989; Sultan et al.,
1998; Young et al., 1997), might reflect the influence of droughty
conditions, which could have limited nutrient uptake. Alternatively,
the quantities of fertilizer used here may have been insufficient to
raise soil nitrogen levels above those that occur naturally (Table 1).

Although seedling establishment was low regardless of treatment
type, harrowing led to better results compared with broadcasting
alone. This finding agrees with our earlier observations in Bromus
inermis (Liu et al., 2008) but contrasts with those of Hofmann and
Isselstein (2004), who showed that frequent cutting improved seed-
ling survival by reducing the competitive advantage of taller, already
existing grasses. New-seedling performance can be hindered by
growth in the surrounding, preexisting sward (Cahill and Casper,
2002; Morgan, 1997; Overbeck et al., 2003). Nevertheless, soil-
surface disturbances are important in the first year and harrowing
may also limit the ability of previously established vegetation to com-
pete with newer plants for a longer period when compared with the
practice of cutting. Likewise, the choice of plant species for reintro-
duction is critical. For example, we have previously noted that species
such as B. inermis have better performance (7 times more seedlings
produced per m2 in harrowed plots; 11 times more seedlings pro-
duced per m2 in uncutting with harrowing plots) than L. chinensis
(Liu et al., 2008).

Implications

Our study found harrowing to be a critical first step for promoting
seedling recruitment, growth, and survival of Leymus chinensis on a
degraded grassland. Nitrogen applications and seeding rates were
of lesser importance. When the soil surface was disturbed by
harrowing before sowing, we observed improved germination, en-
hanced seedling survival, and promoted growth. This may be due to
the increase of seed–soil contact, increase in number of safe sites,
and the suppression of competition from already established vegeta-
tion. In practice, our results can be used for larger-scale rehabilitation
of L. Chinesis grasslands and other water-limited degraded grassland
ecosystems with compacted soil surfaces (including arid and semiar-
id soils) to promote seedling establishment in various regions.
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