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Abstract Prescribed burning has been a successful
ecosystem restoration tool worldwide. In this study, we
burned two different degraded Mongolian grasslands in
spring: sparsely vegetated Argalant (ARG) and Hustai
National Park (HNP), dominated by the unpalatable forb
Artemisia adamsii. We investigated soil properties, seed
bank, seedling density, vegetation, biomass, and forage
quality before and/or after burning in the grasslands.
Burning weakly affected soil properties and signifi-
cantly reduced seed bank density. Seedling density of
Chenopodium aristatum was greater and that of Cleis-
togenes squarrosa was lower in burned than in unburned
plots of HNP, although C. squarrosa showed greater
vegetative growth in burned plots. The floristic compo-
sition showed small changes after burning, depending
on the pre-burning vegetation, but cover of A. adamsii
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decreased after burning in both ARG and HNP. Thus,
the reduced seed bank density by burning led to weak
responses of vegetation composition to burning due to
strong vegetative growth. However, burning suppressed
the unpalatable forb (A. adamsii) and hastened palat-
able grass (C. squarrosa) productivity, which would be
attractive for livestock production, especially for over-
grazed areas with low forage palatability. Our findings
illustrate the possibility of using spring prescribed
burning as a restoration tool in degraded Mongolian
steppe, as well as the importance of site-specific
conditions for understanding postfire recovery.

Keywords Artemisia adamsii - Plant productivity -
Forage quality - Seedling density - Seed bank

Introduction

The degradation of Mongolian steppe by overgrazing is
of global concern (Yoshihara et al. 2008). Although
grazing exclusion with fencing is the usual management
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option for restoration of degraded steppe, the recovery
of vegetation within enclosures depends on rainfall
events, and a long time is required to achieve recovery
(Sasaki et al. 2009). In the face of the current rapid
degradation of steppe ecosystems in Mongolia, there is
an increasing need for the development of prompt
management prescription for restoration.

Prescribed or controlled burning is widely regarded
as an effective vegetation restoration option for
degraded grassland (Moyes et al. 2005). Burning has
been shown to enhance grass production by improving
light conditions due to reduced self-shading, acceler-
ating nitrogen mineralization, and increasing soil
temperature and soil mineral elements due to deposi-
tion of dark ash (Hobbs and Schimel 1984; Gibson
2009). In the second postfire year, the diversity and
seed density increase due to the contribution of
fugitive species (Gonzalez and Ghermandi 2008).
Specifically in rangelands, prescribed burning is
expected to promote livestock production because
restored plants after fire generally have high nutrient
levels and palatability (Allen et al. 1976; Moe and
Wegge 1997). However, arid environments have
unique plant succession after disturbance, such that
the general principles developed in more mesic
environments cannot be applied. For example, an
early study by Launchbaugh (1964) showed that
production was markedly decreased in an arid envi-
ronment following fire, and three growing seasons
were needed to recover from the fire. In Mongolia,
there was an average of 160 wild fires per year
between 1981 and 1999, which increased to 188
between 2000 and 2008, with an average of 2,933,659
to 3253,000 ha being burned each year (Darren et al.
2009). Despite this trend, fire management on the
steppe of Mongolia has not yet been investigated.

Here, we carried out field experiments and investi-
gated changes caused by burning and its effects on
vegetation, soil, and seed bank dynamics in semiarid
Mongolian steppe. Because species-specific responses
to burning have led to inconstant conclusions depend-
ing on local conditions (Anderson and Menges 1997;
Todd et al. 2000; Rau et al. 2008), we burned two
different types of degraded rangelands and compared
their responses to burning. The characteristic vegetation
responses to overgrazing in Mongolian grassland have
been a reduction of plant density, seen mainly in more
arid environments (Sasaki et al. 2009), or replacement
by unpalatable species, seen mainly in more mesic
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environments (Yoshihara et al. 2008). Argalant (ARG)
is a village in Mongolia’s steppe region and is
characterized by sparse vegetation due to heavy
grazing. It therefore corresponds to the first type of
degraded rangeland. Hustai National Park (HNP) has
been protected from livestock grazing for conservation
purposes for the past 15 years. In areas that experienced
severe grazing before the protection, however, the
unpalatable perennial rhizomatous forb Artemisia
adamsii still remains, and thus HNP represents the
latter type of overgrazed rangeland. Artemisia adamsii
is a strong competitor under severe grazing and is thus
recognized as an indicator of pasture degradation in
Mongolian steppe (Yoshihara et al. 2010). The aim of
prescribed burning in Mongolia is to reduce the
coverage of A. adamsii and accelerate the production
of palatable grasses for livestock production.

Methods
Study area

The study areas are located 100 km west of Ulaanbaatar
(47°50.0'N, 106°00.0'E), in Mongolia’s steppe region.
The ARG and HNP areas are located about 30 km
apart. The sites received 232 mm of annual precipita-
tion, averaged over the past decade. The annual average
temperature is 0.2 °C, and average monthly tempera-
tures vary greatly: between —20.6 °C in January and
19.0 °C in July. The soils are Haplic Kastanozems as
identified by the world reference base for soil resources
(FAO 1988) based on soil profile morphology and
physico-chemical properties. Stipa krylovii is a palat-
able perennial bunch grass that dominates less-grazed
areas of Mongolian steppe; Carex spp. and Cleistogenes
squarrosa are rhizomatous and bunch palatable peren-
nial graminoids growing under medium grazing, and A.
adamsii and Chenopodium spp. are degradation-indi-
cator ruderal perennial and annual forbs (Hoshino et al.
2009; Yoshihara et al. 2010).The study areas have a
long history (centuries) of being grazed by domestic
livestock under nomadic patterns of land use. The main
livestock in this province are sheep (50 %), goats
(36 %), horses (7.5 %), and cattle (6.5 %) (National
Statistical Office of Mongolia 2011), and wild horses
also inhabit the area.

We applied prescribed burning to four
20 m x 20 m sites (blocks) in each of the ARG and
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HNP study areas in April 2012. The soil surface
temperature around burning is shown in Fig. S1. The
burned areas were fenced soon after the burning to
prevent disturbance from livestock and wildlife.

Soil survey

We randomly established four plots (each 1 m?) in the
experimental sites. To investigate the soil properties,
we extracted soil samples (10 cm depth) from each
plot in October 2011 (pre-burning), April 2012
(immediate after burning), and August 2012
(4 months after burning). At each site, we extracted
12 samples in total and homogenized the samples
before analysis. The soil samples were air-dried and
then analyzed. Soil pH was measured with a glass
electrode, and electric conductivity (EC) was mea-
sured with an EC meter. Soil carbon contents were
analyzed using dry combustion (Matejovic 1993).
Exchangeable soil Ca and Mg and available K,O were
measured using atomic absorption spectrophotometry
(Gallaher et al. 1975). Available soil phosphorus
(P,Os) was measured using the Truog—Bray method.

Seed bank survey

To investigate soil seed bank abundance and compo-
sition, soil sampling was conducted prior to and
immediately after burning at each site, except for one
ARG site that was added after the pre-burning survey
was conducted. At each site, 16 sampling points were
set on a lattice grid with 4-m intervals, and two soil
samples were collected at each point using a core
sampler at two depths: upper layer (0-1 cm deep with
20-cm? surface area) and lower layer (1-6 cm deep
with 20-cm? surface area). Plants and litter were
removed before soil sampling.

We then conducted a germination experiment in
incubators. For pre-burning soil samples, which were
collected before winter, cold stratification was con-
ducted in plastic bags with wet conditions for 8 weeks
at 4 °C in a dark incubator, to enhance release from
seed dormancy (Ronnenberg et al. 2008). The soil
samples were then spread thinly (<1 cm thick) on
plastic trays filled with seed-free sand, and the germi-
nation test was performed at 10/20 °C (12/12 h) with
dark/light (12/12 h) conditions in incubators. All soils
were moistened arbitrarily and were stirred after
1 month to enhance germination from the bottom soil

layer. Germinated seedlings were counted and species
were identified every 27 days for 2 months.

Seedling recruitment and vegetative growth

To examine the effects of burning on seedling
recruitment, a seedling survey was conducted in
August 2012. This survey was not conducted in
ARG because of less seedling emergence. We estab-
lished four plots (1 m x 1 m) inside the four HNP
sites (burned plots) and another four outside the site
fence (unburned plots) and recorded current-year
seedlings. We counted two predominant seedling
species: the annual forb Chenopodium aristatum and
the perennial grass C. squarrosa. The number of
seedlings of the other species was low (<30 in total).
To examine the response of vegetative growth to
burning, we investigated the plant size distribution of
C. squarrosa in August 2013. Cleistogenes squarrosa
is a C4 bunchgrass that forms short and dense
tussocks. C4 grasses are expected to increase under
burning (Bond et al. 2005). Because the basal area of
C. squarrosa tussocks is related to the number of
current-year tillers (Liang et al. 2002), we can evaluate
vegetative growth of this species based on basal area.
We established four plots (50 cm x 50 cm) inside
and outside fences of the four HNP sites, as burned and
unburned plots, respectively. We measured the long
and short diameters of all C. squarrosa tussocks within
the plots and then calculated the tussock basal area.

Plant cover and biomass

We conducted vegetation surveys in August of 2011,
2012, and 2013 (pre-burning and 4 and 16 months after
burning). We established four quadrats (1 m x 1 m)
inside the fence at all ARG and HNP sites, and
measured the percent cover of each plant species.

We took a sample of aboveground plant biomass
from four established sub-quadrats (50 cm x 50 cm)
at each site at the same time that we conducted the
vegetation survey. Because the study plots were
excluded from grazing pressure after burning by
fencing, we could not examine the true effects of
burning on plant biomass in rangeland. Therefore, we
established four control plots without burning treat-
ment within each fenced site and collected plant
biomass in August 2013. The collected samples were
oven-dried to constant weight at 75 °C for 48 h. The
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samples collected in 2011 and 2012 were chemically
analyzed in the laboratory to determine the crude
protein, total fat, crude fiber, and mineral content (Ca,
Mg, K, Na). Crude protein concentrations in the plant
samples were measured by determining nitrogen using
the Kjeldahl method, then multiplying the result by
6.25 to convert the nitrogen content into crude protein.
Total fat was measured using the method of AOAC
(1990). The concentration of crude fiber was deter-
mined according to the method described by Van Soest
(1994). Atomic absorption spectroscopy was used to
determine other mineral element concentrations.

Statistical analysis

We analyzed the soil properties using repeated-measures
ANOVA to examine the main effects of period at each
sampling location. The seed bank density and species
richness were analyzed for each location using a
generalized linear mixed-effect model (GLMM) with a
Poisson distribution and site ID as a random intercept.
The number of seeds for all species and three functional
types (annual forb, perennial forb, and perennial
graminoid) and species richness were calculated using
the sum of the upper and lower soil samples for each
sampling point. The number of C. aristatum and C.
squarrosa seedlings was analyzed by ANOVA with a
random intercept of experimental sites. The cumulative
basal area of C. squarrosa per each plot was compared
between unburned and burned plots using ANOVA with
a random intercept of experimental sites. Detrended
correspondence analysis (DCA) was applied to assess the
effect of burning and temporal patterns of changes in
floristic composition, based on the cover of each species.
To downweight rare species, we removed species
occurring in fewer than a threshold number of species
(i, 0.2 % of mean plant cover). To compare plant
biomass between treatments (pre-burning and 4 and
16 months after burning and fenced plots), we used
ANOVA with a random intercept of experimental sites.
When necessary, data were log-transformed to meet the
assumptions of normality and similarities of variance.

Results
Soil properties

Soil pH was decreased and soil K concentration was
increased by burning in ARG. Mineral concentrations
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in each plot showed different responses to burning,
and thus there was no significant trend in other soil
properties (EC, TC, Ca, Mg, and P) in ARG or in all
soil properties in HNP after burning.

Seed bank

The germinable seed bank comprised 315 seeds of 19
species before burning (Table S1). The three plant
functional types (i.e., annual forbs, perennial forbs,
and perennial graminoids) accounted for more than
80 % of these, and perennial forbs dominated. Most
seeds (40-50 %) were found in the upper layer
(0-1 cm, 1.2 seeds/20 cm?) in comparison with those
in the lower layer (1-6 cm, 1.7 seeds/100 cm?)
(Table S1). The seed density of all species and species
richness were lower after burning than before burning
in both areas (Fig. 1). The seed densities of annual
forbs and perennial forbs were also lower after burning
in both areas, but that of perennial graminoids did not
differ before and after burning in HNP (Fig. 1). The
seeds of A. adamsii, Carex spp., and C. squarrosa did
not germinate after burning, whereas Stipa sp. seeds
were found both before and after burning, particularly
in HNP (Table S1).

Seedling emergence and vegetative growth

The seedling density of C. aristatum was higher and
that of C. squarrosa was lower in burned than in
unburned plots of HNP (Table 1).

The cumulative basal area of C. squarrosa was
higher in burned than in unburned plots (Fig. 2a,
Fy 77 =12.24, P < 0.01). The size distribution of C.
squarrosa tended to differ between the treatments
(Fig. 2b, c). The most frequent size of C. squarrosa
tussocks was <10 cm? in basal area in both unburned
and burned plots, whereas the tussocks larger than
40 cm?” were recorded only in burned plots.

Vegetation

Before burning, perennial species were dominant, and
there were fewer annual species in both ARG and HNP
(Table S2). Artemisia adamsii showed the greatest
coverage in HNP, and Carex spp. and C. squarrosa
were also dominant (Table S2). Artemisia adamsii also
appeared in all the ARG sites, and Achnatherum
splendens and Artemisia frigida dominated. The
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Fig. 1 a Seed bank density and b species richness of all species, treatment. Boxes indicate 75, 50, and 25th percentiles, and
and (c—e) seed density of three functional types within each soil whiskers indicate 90 and 10th percentiles. Circles show outliers

core (100 cm*3) in ARG and HNP before and after burning

Table 1 Seedling density (m~2) (mean + SD) of unburned and burned plots in HNP, with appearance frequency per 16 plots in
parentheses

Species Unburned Burned ANOVA
Chenopodium aristatum 43 £4.7(12) 12.6 £ 14.8 (14) Fy,7 = 4.88%
Cleistogenes squarrosa 21.0 £ 21.2 (12) 94 + 11.1 (12) Fi27; = 7.01%
Results of ANOVA examining the effect of burning on seedling density are also shown
* P <0.05
cumulative plant cover was about 54-63 % in ARG axis I, where Carex spp. was arrayed (Fig. 3a, b). The
and about 70-80 % in HNP both before and after trajectory of three of four sites moved to the upper side
burning (Table 2). of axis II, and the species score of A. adamsii was
DCA results showed that the changes in floristic arrayed on the lower side of axis II. In HNP, the DCA
composition by burning differed among sites, scores of four sites departed from the coordinate
although the temporal changes did not override the origin, where A. adamsii was arrayed (Fig. 3c, d). The
floristic differences among sites in the original veg- site score of one site moved far to the left side of axis I,
etation before burning (Fig. 4). In ARG, the trajectory where Carex spp. was arrayed. These results indicated
of two of four sites fluctuated along axis I; one site that the cover of A. adamsii decreased after burning in
moved to and another site moved away from zero of both ARG and HNP, whereas the cover of Carex spp.
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Table 2 Cumulative plant cover and species richness (mean =+ SD) in ARG and HNP during 2011, 2012, and 2013

ARG

HNP

4 months
after burning

Pre-burning

16 months
after burning

16 months
after burning

4 months
after burning

Pre-burning

546 £12.8
10.5 £ 4.0

624 £ 119
11.8 £4.3

Plant cover

Species richness

63.3 £ 139
132 £54

80.2 £9.5
9.8 £43

69.7 £ 26.8
122 £39

763 £ 214
9.0+ 43

increased or decreased site-specifically after burning.
No trajectories of any sites in either ARG or HNP
reached the coordinate for S. krylovii.

Plant biomass

Plant biomass differed significantly among treatments
in both ARG (F =9.148, P = 0.002) and HNP
(F = 8.340, P = 0.003; Fig. 4). Average plant bio-
masses at 4 and 16 months after burning were 48 and
53 g/m? in ARG and 32 and 19 g/m” in HNP greater
than those in pre-burned plots in both cases.

Forage qualities

We found no significant differences in pasture forage
qualities before and after burning, except for a
difference in crude fiber content in HNP, judged at
P = 0.05 (Fig. 5). In HNP, mineral concentrations of
grass after burning were increased in the plots where
the concentration was low before burning (Fig. 5). The
average Mg, K, and Na concentrations of grass after

@ Springer

burning were more than 2, 5, and 1.5 times those in
pre-burned plots, whereas Ca was decreased. For
ARG, there were no significant mineral concentration
changes after the burning.

Discussion

The responses of seed bank survival and germination to
burning differed depending on climate, vegetation, and
fire type (Laterra et al. 2006; Gonzalez and Ghermandi
2008). In fire-prone chaparral, fire is needed to release
seeds from dormancy and induce seed germination
(Keeley and Fotheringham 1998; Odion and Davis
2000; Auld and Denham 2006). In contrast, for fire-
intolerant species, burning often reduces seed bank
survival due to the effects of smoke, heat, and physical
scarification (Odion and Davis 2000; Mamede and de
Araujo 2008). In this study, seed bank density and
species richness decreased remarkably after burning.
Seeds would have no tolerance to burning damage (e.g.,
heat) in Mongolian steppe, which has not historically
suffered from burning disturbance (Darren et al. 2009).
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In addition, the response of seed bank survival to
burning was dependent on plant functional type. The
numbers of seeds of annual and perennial forbs were
reduced after burning, whereas the seeds of desirable
perennial graminoids, particularly Stipa spp.,
remained viable even after burning in HNP. In a
semiarid Patagonian grassland, the seed bank of
annual species was not susceptible to burning because
the small seeds are buried deeply in the soil (Gonzalez
and Ghermandi 2008). In contrast, in Mongolian

after burning

steppe, seeds suffer burning damage because most
seeds exist within the thin surface soil (Auld and
Denham 2006). For perennial graminoids, however,
the lemma covering Stipa seeds would protect them
from burning damage (Franzese and Ghermandi
2012).

In the perennial-dominated Mongolian steppe,
seedling recruitment was originally rare, but the
pattern was altered by burning. The number of C.
aristatum seedlings increased, and those of C.

@ Springer
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squarrosa decreased after burning. The lower seedling
emergence of C. squarrosa after burning was consis-
tent with the few seeds of this species in the seed bank
after burning, although we cannot explain the higher
number of C. aristatum seedlings after burning.

In contrast to seedling recruitment, burning
enhanced the vegetative growth of the desirable
perennial grass C. squarrosa. C. squarrosa had a
larger tussock-size distribution in burned sites. Burn-
ing does not influence the photosynthesis response of
C4 C. squarrosa (Zhang et al. 2008), but tussock litter
removal by burning appears to enhance vegetative
growth of the tussock (Gao et al. 2007; Wang et al.
2011). Therefore, burning would change the plant
recruitment strategy and the population size distribu-
tion via changes in the balance of seed and vegetative
recruitment for perennial species.

@ Springer

In Mongolian steppe, total plant cover did not seem
to be altered by burning and had recovered by
4 months after burning. Plant species composition
also did not show a large change after burning and
depended strongly on the pre-burning vegetation.
These weak responses of vegetation to burning are
likely due to the predominantly vegetative regrowth of
perennial species with less seed recruitment. Although
burning reduced the seed bank and altered the
subsequent seedling response, seed recruitment would
contribute less to postfire revegetation.

Nonetheless, burning tended to decrease the cover
of the undesirable perennial forb A. adamsii. Previous
studies have shown that burning suppresses unpalat-
able plant species and enhances the production of
palatable plants (e.g., Augustine and Milchunas 2009).
In a shortgrass steppe, prescribed burning reduced an
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unpalatable subshrub species (Compositae) by
increasing mortality (McDaniel et al. 1997; Augustine
and Milchunas 2009). The vegetative growth of A.
adamsii, which forms a woody stem, should be
susceptible to damage by burning, unlike perennial
herbaceous species, which have little aboveground
biomass in spring. Furthermore, the decrease of A.
adamsii cover enhances the postfire growth of C.
squarrosa, which is a weak competitor (Gao et al.
2005, 2007; Wang et al. 2008).

In ARG, although plant biomass was increased by
burning, the degree of change was comparable to that of
the control plots, indicating that this increase was
achieved not due to the burning effect but rather from
the absence of grazing. In HNP, however, plant biomass
after burning was greater than control plots, which
would be attributed to the burning effect. Compared to
ARG, HNP had greater coverage of A. adamsii, which is
a short plant, and thus plant biomass per unit area is not
large. The relative increase of grass instead of A.
adamsii is the reason why biomass increased after
burning in HNP. Moreover, burning removed plant
litter on the ground in HNP (Augustine and Milchunas
2009), improved light conditions, and facilitated plant
growth (Gittins et al. 2011). Indeed, the plant biomass
of C. squarrosa was larger after burning (Fig. 2).

Implications

In ARG, the seed bank density and productivity were
decreased by burning. In HNP, burning caused the
composition of the seed bank to shift from forbs to
perennial graminoids (e.g., Stipa sp.) and the plant
species composition to shift from A. adamsii to Carex
spp. Because the recovery pattern after burning
differed markedly depending on the pre-burning
vegetation communities, the existing community must
be considered when using burning as a restoration tool
in Mongolian overgrazed grassland. Where vegetation
is sparse due to overgrazing, as in ARG, burning
would worsen the situation. However, where sufficient
vegetation exists but there has been a reduction in
forage palatability by overgrazing, as in HNP, burning
would be desirable because it would suppress the
unpalatable forbs (A. adamsii) and hasten palat-
able graminoid production (Carex spp., Stipa sp.).
Historically, Mongolian pastoralists did not use
fire, and fire was perceived negatively because they

were unaware of any benefits resulting from either
wild or controlled fire (Darren et al. 2009). The
limitation of our results is not a complete factorial
design with burning and grazing factors. However, this
study is the first to examine the utility of spring
prescribed burning as a restoration tool of degraded
Mongolian steppe. Our findings also reveal the
importance of considering site-specific conditions for
understanding postfire recovery.

Spring burning would accelerate the decline of
plant production in sparse vegetated grasslands.
Spring burning may enhance the vegetation shift from
the dominance of unpalatable forbs to palat-
able graminoids in degraded steppe formerly domi-
nated by unpalatable forbs. In dryland rangelands, the
effectiveness of burning for improving productivity is
site dependent.
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