
Ann. For. Sci. 65 (2008) 304 Available online at:
c© INRA, EDP Sciences, 2008 www.afs-journal.org
DOI: 10.1051/forest:2008007

Original article

The role of ectomycorrhizal fungi in alleviating pine decline in
semiarid sandy soil of northern China: an experimental approach

Jiao-jun Zhu1*, Feng-qin Li1, Mei-ling Xu1,2, Hong-zhang Kang1,3,5, Xiang-yun Wu4

1 Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang 110016, China
2 Linyi Entry-Exit Inspection & Quarantine Bureau, Linyi 276000, China

3 Graduate School of Chinese Academy of Sciences, Beijing 100039, China
4 University of Engineering & Technology, Liaoning Province, Fuxin 123000, China

5 Current institution: College of Agriculture & Biology, Shanghai Jiaotong University, Shanghai 200240, China

(Received 8 April 2007; revised version 19 September 2007; accepted 12 November 2007)

Abstract – The decline of Mongolian pine (Pinus sylvestris var. mongolica) trees on sandy land in northern China has caused serious ecological
concerns. Mongolian pine is an ectomycorrhizal fungus (ECM)-dependent species. Three ECM species (Boletus sp., Lactarius deliciosus and L.sp.)
were collected from Mongolian pine plantation stands to test their beneficial effects on Mongolian pine seedlings and their responses to environmental
factors such as pH, drought stress and temperature. The results indicated that ECM inoculation significantly increased the rate of ECM colonization and
the length of seedling shoots. The three ECM could grow in a pH range from 4 to 7, but did not grow under heavy drought stress (–1.53 MPa). High
temperatures (over 37 ◦C) caused death of ECM. When related to soil pH, soil water content and temperature in the Mongolian pine plantations, water
conditions and temperature were unfavorable for ECM growth in surface soil, but suitable in deeper soil. Therefore, it was concluded that the failure of
natural regeneration in Mongolian pine plantations might be influenced by the lack of ECM in the surface soil because of high temperatures causing
ECM death. Moreover, the majority of the root area is distributed in deeper soil, which alleviates the stresses on ECM development and arrests pine
decline; this is beneficial for tree growth.

Pinus sylvestris var. mongolica / decline / extreme temperature / drought stress / ectomycorrhizal fungi (ECM)

Résumé – Le rôle des champignons ectomycorrhiziens dans la réduction du dépérissement du pin sur sols sableux semi-arides du nord de la
Chine : une approche expérimentale. Le dépérissement du Pin de Mongolie (Pinus sylvestris var. mongolica) sur les terres sableuses du nord de
la Chine a causé de graves inquiétudes écologiques. Le Pin de Mongolie est une espèce dépendante de champignons ectomycorrhiziens (ECM). Trois
espèces de champignons ectomycorrhiziens ont été récoltés (Boletus sp., Lactaria delicious et L. sp.) dans des plantations de Pin de Mongolie pour
tester leur effet bénéfique sur des semis de Pin de Mongolie et leur réponse aux facteurs environnementaux tels que pH, stress hydrique et température.
Les résultats indiquent que l’inoculation d’ ECM accroît significativement le taux de colonisation d’ ECM et la longueur des pousses des semis. Les
trois ECM peuvent croître avec une gamme de pH allant de 4 à 7, mais ne peuvent pas se développer sous un stress hydrique important (–1,53 MPa).
Des températures élevées (au dessus de 37 ◦C) causent la mort de ECM. Relativement au pH du sol, la teneur en eau du sol et la température dans les
plantations de Pin de Mongolie, les conditions hydriques et la température étaient défavorables pour la croissance d’ ECM à la surface du sol, mais
étaient appropriées dans un sol plus profond. Par conséquent, il a été conclu que l’échec de la régénération naturelle dans les plantations de Pin de
Mongolie aurait pu être influencé par un manque d’ ECM en surface du sol car les températures élevées causent la mort des ECM. En outre, la majorité
de la surface racinaire est répartie dans la profondeur du sol, ce qui réduit les contraintes au développement des ECM et arrête le dépérissement des
pins, et est favorable à la croissance de l’arbre.

Pinus sylvestris var. mongolica / dépérissement / température extrême / stress hydrique / champignon ectomycorrhizien (ECM)

1. INTRODUCTION

Mongolian pine (Pinus sylvestris var. mongolica), a geo-
graphical variety of Scots pine (Pinus sylvestris) that is nat-
urally distributed in the Daxinganling Mountain of China (N
50◦ 10’–53◦ 33’, E 121◦ 11’–127◦ 10’) and in Honhuaerji, lo-
cated in the Hulunbeier sandy plains of China (N 47◦ 35’–48◦
36’, E 118◦ 58’–120◦ 32’) (Fig. 1), is an important candidate
tree species for reforestation of semiarid regions with sandy
soil [15, 16, 41, 42]. Because of its hardy nature and suit-
ability for dry environments, the tree species was first used

*Corresponding author: jiaojunzhu@iae.ac.cn; zrms29@yahoo.com

for sand fixation in China in 1955 in the Keerqin sandlands
(N 42◦ 43’, E 122◦ 22’). The area of Mongolian pine planta-
tions on sandy land has now reached more than 3.00×105 ha
in northern China [16, 19, 41] (Fig. 1). Until 1989, these Mon-
golian pine plantation forests were developing well. However,
since 1989, characteristics such as shoot dieback, low growth
rate, tree death and failure of natural regeneration have been
reported from certain locations in the first trial stands; these
factors have resulted in the decline of the Mongolian pine
plantation forests in the Keerqin sandlands. Similar phenom-
ena have since been observed successively on a large scale in
various sandy soils of northern China [5, 17, 42]. However,
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Figure 1. Distribution of Mongolian pine (Pinus sylvestris var. Mongolica) forests in China with the experimental site.

natural forests of Mongolian pine on sandy soil, located in the
Hulunbeier sandy plains in China [19, 42], exhibit a very pro-
nounced vigor at the same stage of growth [17, 20, 43]. Many
hypotheses have been proposed to explain the causes of de-
cline in these plantations, among them nutrient status, water
conditions and climatic factors [16, 17, 33, 37, 42], but until
now, no specific theory has successfully explained the phe-
nomenon [11, 17, 42].

In general, ectomycorrhizal symbiosis is ubiquitous on the
roots of many plant families such as Pinaceae, Fagaceae and
Betulaceae [27, 30]. Ectomycorrhizal fungi (ectomycorrhizae,
ECM) play an important role in the development of forest
ecosystems because the dominant tree species in most of the
world’s temperate and boreal forests are ectomycorrhizal, re-
quiring ECM for the processing of essential phosphorus nutri-
ents [1, 40]. It is believed that this ECM symbiosis is an adap-
tation to ecosystems with low mineral nutrient availability [27,
30, 31]. The ECM can enhance the host’s nutrient status, not
only by increasing the nutrient-absorbing surface area through
its extraradical mycelium, but also by accessing nutrients not
normally available to plants [7, 30]. In addition, ECM can pro-
tect trees against pathogenic infections, improve the structure
of root systems [31] and ameliorate the deleterious effects of
heavy metals on the host plant [4]. On the other hand, envi-
ronmental factors such as soil characteristics and climate con-
ditions affect mycorrhizal formation and fungal development
[18, 30, 33], and further influence the development of trees or
forest ecosystems.

Mongolian pine is an ECM-dependent tree species. It has
been previously demonstrated that the trees cannot exist with-
out ectomycorrhizal symbiosis in natural forests [1, 3, 11]. A
few studies have reported that the amount and the number of
species of mycorrhizal fungi in surface soil of naturally de-
veloped Mongolian pine forests were significantly higher than
in planted forests on sandy soil [42]. However, little informa-
tion is available on the effects of mycorrhizal inoculation on

the growth of Mongolian pine and the responses of ECM to
environmental conditions in sandy soils. In addition, it is not
known whether ECM may alleviate the decline of Mongolian
pine plantations on sandy soil.

Therefore, the objectives of the present study were, first,
to confirm the beneficial effects of major species of ECM on
Mongolian pine seedlings; second, to examine the effects of
environmental factors such as temperature, soil moisture and
pH on the survival and growth of three major species of ECM
obtained from Mongolian pine plantations on sandy soil; and
finally, to investigate the effects of environmental factors on
survival and growth of ECM species under laboratory condi-
tions to concludewhether an interaction between ECM species
and field conditions may influence the decline of Mongolian
pine plantations on sandy soils.

2. MATERIALS AND METHODS

2.1. Study site

The study site was located in Zhanggutai, Zhangwu County,
Liaoning Province, China, in the southeastern Keerqin sandlands (N
42◦ 39.7’, E 122◦ 33.6’, altitude 247.6 m) (Fig. 1). The experimen-
tal area forms part of a semiarid region. The mean annual air tem-
perature is 5.7 ◦C, and the minimum and maximum air temperatures
(1954–2004) are –29.5 ◦C and 37.2 ◦C, respectively. Annual precip-
itation is 450.0 mm (minimum 224.8 mm and maximum 661.3 mm,
during 1954–2004) and annual evaporation is about 1700.0 mm. The
frost-free period is about 154 days [34, 41]. The major soil type is
classified into the Semiaripsamment taxonomic group that is devel-
oped from sandy parent material through the action of wind [8,38].
The current average groundwater table is 5.3 m [41].

2.2. Environmental conditions at the study site

Environmental factors such as soil pH, soil water content,
soil potential and surface soil temperature were measured on the
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Table I. Information on the plantation stands (A) and distribution of roots under different plantation ages for Mongolian pine trees in the stands
(A, B).

A
Distribution of roots depending on soil layers (ratios of the

Age (year) Stem density (stem ha−1) Mean DBH* (cm) Mean height (m) weight in different layers to the overall weight, %)
0–20 cm 20–40 cm > 40 cm

13 2640 7.9 4.2 13.5 68.1 18.4
26 2115 16.9 8.8 8.4 79.5 12.1
26 2510 15.7 9.6 5.2 81.3 13.5
28 2310 14.3 9.1 6.1 76.7 17.2
**33 2432 15.6 10.2 5.3 84.2 10.5
42 1025 16.8 11.6 3.2 80.4 16.4
Mean 2172 14.5 8.9 7.0 78.4 14.7

* DBH: diameter at breast height (at 1.3 m).
** The roots of the three sample trees in this stand were classified into 3 classes, as shown in Table IB.

B

Soil layer (cm)
Dry weight of root amount for Pinus sylvestris var. mongolica (kg) (mean of one tree)
Absorbing roots Unabsorbing roots

Total Percentage (%)
0–1 mm Percentage (%) 1–5 mm Percentage (%) > 5 mm Percentage (%)

0–20 2.31 19.51 1.66 28.38 12.84 8,21 16.81 9.66
20–40 7.76 65.54 2.91 49.74 126.54 80.93 137.21 78.84
> 40 1.77 11.95 1.28 21.88 16.97 10.85 20.02 11.50
Total 11.84 5.85 156.36 174.05
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Figure 2. Mean soil water contents at different soil layers in the ex-
perimental site on sandy land, A: in 2002; B: in 2005.

experimental site in 13- to 42-year-old Mongolian pine plantation
stands. The total area of the stands was 3.65 ha, and detailed infor-
mation on the stands is given in Table IA.

WP= 3.7081Ln(SWC)−14.056
R2 = 0.8517, P < 0.05−5.00
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Figure 3. Relationship between soil water content and soil water po-
tential in sandy soil.

Soil pH was measured in a 1:2.5 mixture of soil and distilled water
with a glass electrode, using 12 or 15 random soil samples obtained
from the experimental site [12, 13].

Soil water content (SWC) was randomly measured in the planta-
tion stands in 2002 and 2005 by time-domain reflectometry (TDR),
using an instrument from TRIME-EZ in Germany. SWC was gener-
ally sampled twice (at the start or end of the month and in the mid-
dle of the month) for each month during the growing season. If it
rained on a scheduled sampling date, the sampling would be post-
poned for at least three days (Fig. 2). Because water potential values
were needed to determine the effects of water conditions on growth
and survival of ectomycorrhizal fungi (refer to Section 2.4), the rela-
tionships between soil water content and potential were established
using a Psypro Dew Point microvoltmeter (Wescor, Inc., USA) and
soil water content values obtained using TDR in the field (Fig. 3).

Soil temperatures were observed in an open area near the ex-
perimental site during 2003 and 2005, using PT100 thermometers
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Figure 4. Soil temperature at experimental site: A: at 5 cm, B: at 10 cm, C: at 20 cm and D: at 40 cm (2003, 2004 and 2005). We present the
temperature at 14:00 (GMT+008) in July because the annual maximum mean temperature appeared in July, and the daily maximum occurred
at 14:00, which are important to the growth and survival of ECM.

produced in Tianjin, China. The thermometers were set up at 5-,
10-, 20- and 40-cm depths in sandy soil to obtain temperature mea-
surements at various depths. Temperatures were recorded every two
hours during each day. Figure 4 presents temperature values at 14:00
(GMT+8) in July because the maximum mean temperature was ob-
served in July [42], a fact which is important for the growth and sur-
vival of ECM. The relationship between temperatures outside and
inside the plantation stands at 5-cm soil depth was determined by
the synchronous observations of temperatures inside and outside the
plantation stands in 2006 (Appendix A).

2.3. Distribution of root systems

The distribution of ECM corresponds directly with that of roots,
especially fine roots [1, 34, 35, 42]. Therefore, the root distribution
of Mongolian pine trees of different ages in the plantation stands was
examined. The roots were measured using the following procedure.
Three trees of average diameter and height within an even-age stand
were selected as sample trees. A horizontal semicircle centered on the
tree and with a radius of 2 mwas defined for collection of roots. Three
soil layers were defined: 0–20 cm, 20–40 cm and 40–150 cm in depth.
All roots in the three soil layers within the semicircle were collected.
Wet weight and dry weight of the roots were measured (Tab. IA). In
addition, the roots of three sample trees within a 33-year-old stand
(stem density = 2432 trees ha−1, mean DBH = 15.6 cm, mean H =
10.2 m) were classified into three classes: less than or equal to 1 mm,
between 1 and 5 mm, and more than 5 mm in diameter for each of the
three layers (Tab. IB).

Meanwhile, root development of the natural regeneration
seedlings in Mongolian pine plantation stands was investigated at the
end of October. The root lengths of the regenerating seedlings were
all less than 5 cm, and no seedlings were more than one year old.

2.4. ECM experiment

2.4.1. Collection of ECM

The ECM present in the Mongolian pine plantation usually pro-
duce fruiting bodies from the beginning of July to the end of Septem-
ber. Fruiting bodies were systematically uncovered, collected and
identified in the experimental site. Mycelia were obtained from fresh
fruiting bodies and isolated in solid potato-dextrose-marmite agar
(PDMA) medium [11, 36]. Three major ECM species were then se-
lected for the experiment according to the work of Zhang et al. [36]:
Boletus sp., Lactarius deliciosus and L. sp. All three species have
been previously confirmed as symbionts with Mongolian pine [32,
36]. The pure strains thus obtained were cultured in modified Melin-
Norkrans (MMN) solid medium [22] (two types of MMN were used
in this work, one liquid, the other solid). The cultured ECM fungi
were used in the following experiments.

2.4.2. Pot experiment

The soil substrate for the pot experiment was taken from the 0–
20 cm soil layer in the experimental plantation site. The physical and
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Table II. Physical and chemical characteristies of the sandy soil for the pot experiment in the field.

Total Available Available Available Organic pH C:N Texture (%) and sand classes (mm)*
nitrogen nitrogen potassium phosphorus matter ratio
(mg g−1) (mg g−1) (mg g−1) (mg g−1) (mg g−1) < 0.001 0.001–0.005 0.005–0.01 0.01–0.05 0.05–0.25 0.25–1.0

0.4401 0.0335 0.0238 0.0510 5.26 6.35 6.92 7.56 2.43 0.85 11.55 50.68 26.93

* Following [14] (1989).

chemical characteristics of the selected soil are described in Table II.
The soil was sterilized using a steam sterilizer (YX-280B, Jiangjin,
China) at 120 ◦C for 2 h before the start of the pot experiment. To
avoid solar overheating, double-walled porcelain clay pots were used.
Pots were filled with 7.5 kg soil (air-dry weight). Seeds of Mongolian
pine were collected from the plantation stands and sterilized with
10% hydrogen peroxide for 15 min [42]. Then the sterilized seeds
were sown in the pots (50 seeds per pot) in November 2003. After
five months of seed germination, ten average-sized seedlings per pot
were selected for inoculation with the ECM strains (April 2004). The
experimental design contained four replicates of four treatments: the
control without inoculation (CK), and three treatments with one or
two ECM strains (B. sp. separately, L. sp.separately, and the combi-
nation of B. sp. and L. sp.), with complete randomization. The exper-
imental pots were set up in a movable greenhouse at the plantation
site. Inoculations were performed by putting the liquid mycelia into
the pot soil around the seedlings (1:20; v:v) using the method de-
scribed by Xu et al. (2004) [35]. During the whole growing period,
the soil water content was kept at 55% of the water-holding capacity
of the soil in the pot.

Six months after inoculation (October 2004), the number and
lengths of roots and shoots were determined. The dry weight of the
roots and shoots was estimated after drying the samples for one week
at 65 ◦C [2]. All seedlings were examined for the presence or absence
of ECM infection and for ECM density in the fine root tips for each
treatment (number of ECM short roots/total number of short roots
× 100%). The processes were carried out as described by Xu et al.
(2004) [35] and Duponnois et al. (2005) [7].

2.4.3. Culture of ECM under different conditions

– pH
Isolates of B. sp., L. deliciosus and L.sp. were cultured in both

solid and liquid MMN. Uniform inoculum plugs (8 mm in diame-
ter) were taken from the colony edge and subcultured in Petri dishes
with solid MMN. Plugs of the same diameter were put into the liq-
uid MMN. To maintain the pH values, a 1:1 (v:v) mixture of con-
centrated H2SO4 and HNO3 was used to control the pH range of the
MMN in experiments at pH 4, 5 and 6. However, NaOH was used to
control pH values in experiments at pH 7, 8 and 9 using the method
described by Sanchez et al. [28]. According to Hung and Trappe’s
(1983) suggestions [13], buffers were not used for pH adjustment,
because some of them, such as phosphate or polycarboxylic buffers,
may alter some of the components of the medium [10, 13]. Most ECM
respond to increasing mineral N with varying intensities of growth,
and nitrogen deposition may enrich the N abundance of the soil
[14]. The authors therefore observed the effects of these acid com-
ponents on the in-vitro growth of the three ECM strains. Inoculated
plates were incubated in the dark at 25 ◦C for 15 days. On the solid
MMN, colony diameters along a given orientation were measured.

A minimum of three replicates was obtained for each treatment. The
mycelial biomass was obtained by filtering the liquid MMN, and then
oven-drying was conducted at 105 ◦C until the oven-dry weight re-
mained constant. Growth observations were averaged for the three
ECM strains in the MMN with pH values of 4, 5 and 6 controlled by
various acids.
– Water stress (induced by polyethylene glycol (PEG))

Isolates of mycelial plugs were subcultured in Petri dishes con-
taining liquid MMN with different water potentials induced using
polyethylene glycol (PEG-6000) [23]. Twenty-five milliliters MMN
were dissolved in PEG-6000 to reach the following PEG concentra-
tions: 10% (100 g L−1), 20% (200 g L−1), 25% (250 g L−1) and 30%
(300 g L−1) of PEG (weight ratios), which produced water potentials
of –0.20, –0.75, –1.35 and –1.53 Mpa, respectively [23, 28, 29]. The
water potential values were verified using a Psypro Dew Point micro-
voltmeter (Wescor, Inc., USA). A control (no PEG stress, CK) was
observed together with the drought-stressed samples. A sterilized grit
support was placed in the Petri dishes with the liquid medium just
covering the grit, and a fiber filter was placed on the grit with an in-
oculation on the filter. Each Petri dish contained 25 mL MMN for a
minimum of three replicates for each treatment [28]. To determine
whether PEG-6000 was a suitable carbon source in the experiment,
the three strains were grown on liquid MMN with different carbon
sources substituted for glucose. According to Zhu et al. (2005) [42],
it is difficult to remove PEG from fungal tissues, which gives rise
to unrepresentative dry weight values. Therefore, dry weight was not
used as a mycelial growth index in this work, but rather colony diam-
eter. The cultures were incubated at 25 ◦C for 15 days. The colony
diameter was measured at the end of the experiment.
– Temperature

The cultures of the three ECM strains were conducted in solid
MMN with uniform inoculum plugs (8 mm in diameter). The ECM
fungi were incubated in the dark at 5, 10, 20, 25, 28, 30, 37 and 40 ◦C.
A minimum of three replicates was obtained for each treatment. Af-
ter 15 days of incubation, colony diameters for each treatment were
measured.

2.5. Statistical analyses

The mean values of each experimental factor were calculated from
the observations at each time. Data for percentages of ECM col-
onization, seedling growth parameters and ECM culture responses
were analyzed using analysis of variance (one-way ANOVA), apply-
ing when necessary a prior (log n+1) transformation to obtain nor-
mality [2]. To compare mean values, Duncan’s multiple-range test
(P < 0.05) was used. Correlation coefficients were determined to
quantify relationships between seedling mycorrhizal colonization and
growth parameters (P < 0.05). All statistical analyses were carried
out using the SPSS statistical software package, version 13.0.
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Figure 5. Growth parameters of Mongolian pine seedlings. A: Infection rate of fine roots, B: number of fine roots, C: whole weight, D: shoot
height, E: weight ratio of root to shoot and F: root length. The vertical bar indicates the standard deviation; different letters indicate the
significant effect of inoculation on the growth parameters at P < 0.05.

3. RESULTS

3.1. Effects of ECM inoculation on seedling growth in
the pot experiment

Values obtained for number of fine roots, combined weight
of roots, root/shoot weight ratio, root length and shoot height
are shown in Figure 5. After the first growing season in
the greenhouse established at the plantation site, about 47%
of the fine roots of the inoculated seedlings were colonized
with ECM, as compared with no colonization for the control
seedlings (Fig. 5A). The number of fine roots, shoot height

of the inoculated seedlings and the combined dry root weight
and root length of pure-species inoculated seedlings (by B. sp.
separately and L.sp. separately) were significantly higher than
the corresponding values for the control treatment (P < 0.05)
(Figs. 5B and 5E) and for the combination inoculation treat-
ments (by mixed B. sp. and L. sp.) (Figs. 5C and 5F). The
number of inoculated roots, shoot height, root length and com-
bined dry weight of roots were significantly correlated with
the percentage of ECM colonization (r = 0.983, r = 0.881,
r = 0.847 and r = 0.820, respectively). However, there was no
significant correlation between root/shoot weight ratio and the
percentage of ECM colonization (Fig. 5D).
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Figure 6. Colony diameters (mm) and dry weights (mg) of the different ECM strains at various pH values. A: The media modified with H2SO4,
HNO3, H2SO4,+ HNO3 (pH = 4, 5, 6); B: The media modified with NaOH (pH = 7, 8, 9); 1: Colony diameters (mm); 2: dry weights (mg);
Different letters indicate the significant differences among various pH values at P < 0.05.

3.2. Effects of pH, drought stress and temperature on
ECM culture

3.2.1. pH

Of the three ECM strains, L. deliciosus and B.sp. showed
minor differences in diameter increase and biomass growth in
both acid and alkaline media. However, there was a trend to-
wards improved growth as pH increased from 4 to 6, and then
a decline as pH increased from 7 to 9 (Fig. 6). In the case of
L. sp, growth was constant over the entire pH range of 4–9
(Fig. 6). On the MNN acid media, all three ECM strains had
the lowest colony diameter at pH = 4. The maximum growth
as measured by colony diameter was observed at pH = 6 for
L. deliciosus and L. sp., while for B.sp., the difference be-
tween colony diameter at pH = 5 and pH = 6 was not sig-
nificant (Fig. 6A1). On the MNN media controlled by NaOH,
the maximum growth as measured by both colony diameter
and biomass was observed at pH = 7 for L. deliciosus. In the
case of both B. sp. and L. sp., only slight differences were ob-
served among these three pH values (pH = 7, 8 and 9). For
B. sp., maximum growth occurred at pH = 7 as measured by
colony diameter and at pH = 9 as measured by biomass. For
L. sp., maximum growth was observed at pH = 7 as measured
by colony diameter and at pH = 8 as measured by biomass
(Fig. 6B).

The optimum pH values for growth according to colony di-
ameter for the three ECM strains were: for L. deliciosus, 6; for
B. sp., 5–6; and for L. sp., 4–9. When growth was measured
by biomass, the optimum pH values of the three ECM strains
were: for L. deliciosus, 4–7, and for both B. sp. and L. sp., 4–
9. B. sp. and L. sp. exhibited a pronounced adaptability to pH
variations (Fig. 6).

3.2.2. Drought stress (induced by PEG)

Under the most severe drought stress (30% PEG, –1.53
MPa), none of the three ECM strains (isolates) could grow
(Fig. 7). With less drought stress (10% PEG, –0.20 MPa),
colony diameter growth of the three ECM strains was im-
proved, but no significant increase was observed compared
with the control (Fig. 7). However, under the more severe
drought stresses, represented by PEG concentrations of 20%
and 25% (–0.75 MPa and –1.35 Mpa, respectively), colony
diameters were significantly decreased for the three ECM
species (except for L. sp.) compared with the control sam-
ples (Fig. 7C). There was no change in colony diameter for
all three ECM strains with PEG-6000 as a carbon source in
the substrate.
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Figure 7. Colony diameter of ECM strains in response to various PEG concentrations. A: L. deliciosus, B: B. sp., C: L. sp. The vertical bar
indicates the standard deviation. Different letters indicate the significant effect of PEG concentrations on the growth of ECM strains at P < 0.05.

3.2.3. Temperature

Effect of temperature on ECM growth varied significantly
among the three strains. Optimum temperatures for growth of
the three ECM strains were found to be 28 ◦C, 25 ◦C–28 ◦C
and 25 ◦C–30 ◦C for L. deliciosus, B. sp., and L. sp., respec-
tively (Fig. 8). However, among the three ECM strains, L. sp.
exhibited the fastest mean growth and L. deliciosus the slow-
est mean growth (Figs. 8A and 8C). All the isolates had signif-
icantly smaller colony diameters at 20 ◦C than those obtained
at 25 ◦C and 28 ◦C (P < 0.05). However, at a temperature
of 37 ◦C, B. sp. showed growth efficiency, while L. deliciosus
strains exhibited no colony diameter growth at this tempera-
ture. At 5 ◦C and 40 ◦C, all isolates showed no development.
Therefore, the three strains that could not grow at tempera-
tures of 5 ◦C, 37 ◦C or 40 ◦C were cultured again under more
favorable temperature conditions (25 ◦C–28 ◦C). The results
indicated that the ECM strains which could not grow at the
temperature extremes (5 ◦C, 37 ◦C or 40 ◦C) were not simi-
lar in their response. Isolates which did not grow at 5 ◦C could
growwell once the culture temperature conditionwas suitable,
while the isolates which did not grow at 40 ◦C or 37 ◦C (37 ◦C
for L. deliciosus and 40 ◦C for L. sp. and B. sp.) never grew
again, even when the temperature conditions were in their op-
timum ranges.

4. DISCUSSION

The inoculations by B. sp., L. sp. and the combination of B.
sp. and L. sp. led to a significant increase in ECM colonization

and significantly improved the number of fine roots and the
shoot lengths of Mongolian pine seedlings in the first grow-
ing season (Fig. 5) (P < 0.05). A high degree of correlation
(greater than 0.80) between growth parameters and coloniza-
tion rate was also found in the inoculation experiments. These
results suggest that ECM inoculation could be used success-
fully to increase ECM colonization and to improve the growth
rates of Mongolian pine seedlings on sterilized sandy soils.
In addition, they imply that ECM fungi play a major role in
the growth and development of Mongolian pine seedlings or
trees in plantations. As for root length and combined dry root
weight, results for the seedlings inoculated with a combina-
tion of B. sp. and L. sp. were not significantly different from
the control. This observation may be due to an interaction be-
tween different ECM strains which delays the effects of inoc-
ulation [2, 9, 26].

One problemwith field ECM colonization is that strong en-
vironmental or climatic influences, for example, high temper-
ature during drought periods in summer, can reduce or stop
ECM colonization, resulting in loss of the inoculation effects
[2, 6, 24, 25]. The results of this work show that ECM colony
diameter growth and biomass production in pure culture are
greatly influenced by changes in the pH of the medium.
Sanchez et al. (2001) [28] reported that growth responses to
varying levels of acidity differ markedly among species. The
three ECM strains used in these experiments could grow at
pH = 4–9 except for L. deliciosus, which could not grow when
pH was greater than 8 (Fig. 6B). In particular, B. sp. and L. sp.
showed vigorous growth at all the pH levels used in this ex-
periment, exhibiting only a few differences in colony diameter
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Figure 8. Diameter growth response of ECM to different temperatures. A: L. deliciosus, B: B. sp., C: L. sp. The vertical bar indicates the
standard deviation.

and dry weight from one pH value to another. The optimum pH
values for the growth of L. deliciosus and B. sp. were in the 5–
7 range, which is in agreement with the conclusion drawn by
Han et al. (1993) [10] that these ECM favor acidic conditions.
However, it was also found here that L. sp. isolates were able
to tolerate an alkaline medium (pH = 9); this result might need
further testing because it was not consistent with the conclu-
sion reported by Zhang et al. (1992) [36]. According to the
results obtained from the laboratory analysis of the soil in the
Mongolian pine plantations (Tab. II, pH = 6.35 ± 0.16), it ap-
pears that soil pH should not limit the growth of the tested
ECM strains in the Mongolian pine plantations.

The growth response of ECM isolates to drought stresses
exhibited two patterns in this study; in the first pattern, ECM
growth increased up to a certain stress level (e.g., 10% PEG
stress), beyond which growth decreased (L. deliciosus and B.
sp., Figs. 7A and 7B). Many ECM strains exhibit a similar pat-
tern, as reported by Zhao et al. (1989) [39]. The second pattern,
exhibited for instance by L. sp., showed almost no sign of limi-
tation below a certain stress level (e.g., below 30% PEG stress)
(Fig. 7C). The three ECM strains tested here could not sur-
vive when PEG concentration was at 30% (–1.53 MPa). This
result was different from the conclusion for the same ECM
species, B. sp., as reported by Zhao et al. (1989) [39] that it
could grow at –2.0 MPa drought stress. This may be explained
by the conclusion reached by Machado and Braganca [21] that
in vitro response to different water potentials may vary even
among strains of the same species. It is also worth considering
that the origin or provenance of the ECM strains might affect
their ability to adapt in vitro to the adverse water potentials.
From the observations of soil water content in the Mongolian

pine plantations [43], the surface soil water content (0–20 cm)
decreased below 29 g kg−1 at some time during the growing
season (Fig. 2), meaning that the soil water potential was be-
low –1.61 MPa (<–1.53 MPa) according to Fig. 3. The three
ECM strains tested here could not grow at all under such soil
water conditions. In fact, the growth of the three tested ECM
strains decreased when the water potential became less than
–0.75 MPa, corresponding to a soil water content of less than
36.5 g kg−1. Therefore, the ECM at the plantation site in the
first 20 cm of soil depth could well experience stressful water
conditions for ECM growth for some months every summer. It
was not clear, however, whether or not the ECM strains tested
in this experiment by heavy drought stress (–1.53 MPa) could
survive and start growing again after the stress was removed,
because the stressed ECMwere not recultured under appropri-
ate water conditions.

Even a small decrease or increase in temperature can influ-
ence ECM growth [1, 10, 42]. No isolates showed any growth
or development at 5 ◦C in these experiments, but they could
start to grow again once the culture temperature conditions
were suitable. However, extreme high temperatures caused
ECM death; for instance, once the temperature reached 37 ◦C,
L. deliciosus could never grow again (Fig. 8A). The same situ-
ation was observed for the other two strains (L. sp. and B. sp.)
when the temperature reached 40 ◦C. This matched the ob-
served temperature conditions in some cases in the Mongolian
pine plantations on sandy land. For example, soil temperatures
at 5- and 10-cm depths in open ground near the plantation
site exhibited maximum temperature values up to 44.6 ◦C and
37.3 ◦C, respectively, in July (Figs. 4A and 4B), and it was
estimated that soil temperatures within the stands would be
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39.2 ◦C at 5-cm depth (See Appendix A). Such high tem-
peratures would cause the death of some of the tested ECM
strains in the upper 5 cm of soil and prevent the growth of
the tested ECM strains within the upper 10 cm of soil. How-
ever, roots of the regenerating seedlings develop within the
uppermost 5 cm of soil (see Section 2.3). Therefore, the re-
generating seedlings would not form the effective ECM roots
at all, and further disappear within one growing season. In ad-
dition, the severe lack of moisture stressed the photosynthesis
of regenerating seedlings; according to the reported results of
effects of severe moisture stresses on physiological properties
of Pinus sylvestris var. mongolica seedlings (photosynthesis
was severely stressed under 30% and 20% field capacity of
water, about 50 g kg−1) [6, 19, 42].

Another problem related to the effects of environmental fac-
tors on the survival and growth of ECM strains in the Mongo-
lian pine plantations is the distribution of tree root systems,
because the distribution of ECM is directly related to that
of roots, especially of fine roots [1, 34, 35, 42]. Therefore,
the root distribution of Mongolian pine was investigated in
the present study. The results indicated that about 80% of the
roots were found in the 20–40 cm soil layer, and more than
85% were found between the surface and a depth of 40 cm
(Tab. IA). Furthermore, about 65% of the roots less than 1 mm
in diameter, and 50% of the roots between 1 mm and 5 mm
in diameter, were found at a depth between 20 and 40 cm
(Tab. IB). Combining the observations of soil water content
(soil water potential) in the plantation site, it was clear that
the water conditions within the 20–40-cm deep soil layer were
substantially better than in shallower layers (Fig. 2). In addi-
tion, the temperature in the month of July (the highest mean
temperature of the year) within the 20–40-cm deep soil layer
fell just within the optimum range for the growth of the ma-
jor ECM strains (Figs. 4C and 4D). These results suggest that
the soil water conditions and temperature in the root layer, es-
pecially for the fine roots, were suitable for the growth of the
tested ECM strains in the plantations.

5. CONCLUSIONS

The beneficial effects of ECM on the growth of Mongo-
lian pine seedlings were confirmed by the response to inocula-
tion in the six-month pot experiment. Furthermore, the effects
of soil pH, drought stress and temperature on the growth and
survival of the three ECM strains indicated that soil pH was
not the main factor influencing the growth of the tested ECM
strains; however, extreme high temperatures and drought stress
had significant effects on the adaptability of the three ECM
strains. The three ECM strains failed to grow under severe
drought stress (–1.53MPa) and extreme temperatures (below
5 ◦C and over 37 ◦C or 40 ◦C); in particular, high tempera-
tures in excess of 37 ◦C or 40 ◦C were fatal to the tested ECM
strains. Moreover, severe drought stress and extreme high tem-
peratures influence soil water conditions within the uppermost
5 or 10 cm of soil in the sandy land plantation site. The ECM
strains tested would therefore not grow or survive within the
uppermost 5 or 10 cm of soil under the observed field site con-

ditions. However, the soil water conditions and temperatures
were not extreme in the 20–40-cm deep soil layer, but were
suitable for growth of the tested ECM strains. Therefore, the
conclusion could be drawn that the failure of natural regenera-
tion in Mongolian pine plantationsmight be caused by the lack
of ECM colonization of the roots of regenerating seedlings de-
veloping within the uppermost 5 cm of soil. The decline of
Mongolian pine plantations characterized by shoot dieback,
low growth rate and tree death might be alleviated by the bet-
ter conditions for ECM development within the 20–40 cm soil
layer, in which about 65% of the fine roots (less than 1 mm in
diameter) of Mongolian pine trees are distributed. Further re-
search is required to explain wider aspects of reported declines
in growth and failures of natural regeneration.
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Appendix A. Relationships between temperatures outside and inside plantation stands at 5 cm soil depth.
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