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Abstract. Seed quality and seed germination are the major indicators determining the
success of regeneration and structure in natural forest ecosystems. This study focuses on
problems associated with seed quality and seed germination under air pollution impacts in
the surrounding forest ecosystems of Ulaanbaatar city of Mongolia. The objectives were
to test whether there was any negative effect of air pollutants on the site index, and to
analyze the relationship between seed quality and distance from the city center (maximum
pollution). The study was carried out in natural larch forests (Larix sibirica Ledeb.) growing
in the vicinity of the capital of Mongolia. A total of eight 100100 m (1 ha) sample plots
were laid out using completely randomized sampling design along the main wind direction.
Remoteness from the city center was 10, 15, 20 and 30 km both to the north and to the
south. Results showed a high variation in stand mean height (p > 0.001) and diameter (p > 0.001)
among selected forest areas. In general, all sampled forests belonged to bonitet / quality
classes III, IV and V, which are considered as relatively poor growing conditions in terms
of site index. Therefore, greater site index and seed quality were observed in the most
distant locations from the city center, and contrary, the poorest seed quality was detected
in locations close to the city center. This emphasizes that forests growing close to pollution
sources exist with a potential risk of degradation, and their reproductive organs are more
sensitive to the effects of pollutants.
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Introduction

Natural regeneration is an important element in ensuring the sustainability
of the forest ecosystem [22]. Depending on the growing environment and other
influencing factors, regeneration performance and reproductive capacity vary greatly
in different regions of the world.

Among these factors, air pollution has a serious negative impact on the health
and productivity [3, 9] of trees and their physiology [1]. Here, forests are subject to
higher depositional loads than other ecosystems, depending on tree species and canopy
structure. Dry deposition accumulated on the tree crown is washed off by precipitation
and enhances the deposition in the forest soils [3, 7, 12, 13, 25]. Several studies have
reported that the main air pollutants causing forest damage are O,, SO,, NO, and NH;,
as well as heavy metals, which show visible damage to leaves and needles in the forests
[10, 17, 24], and Hg, Cd, and Pb are currently of the greatest toxicological concern.
Therefore, FAO [20] reported that, the air pollution also causes water and nutrient
imbalances and higher sensitivity to frost, droughts, insect pest attacks, and fungal
diseases. However, the spread of air pollutants and their movement from the different
sources of pollution are closely related to wind velocity and direction. Forest areas
remote from the industries and big cities, raised concerns that forest decline might be
caused by long-range atmospheric transport of pollutants [24, 25]. High concentration
of pollutants derived from industrialized urban areas treat an adverse damaging effect
to surrounding forest ecosystems, which resulted in forest decline [27] and decreased
reproduction [9, 10]. Ulaanbaatar is the biggest city (capital city) of Mongolia, and
become main social and economic center of the country. According to statistics, over
1.5 mln people live in Ulaanbaatar. Moreover, air pollution in Ulaanbaatar becomes one
of the pressing issues, which treat a severe negative effect on public and environmental
health [16, 18]. The high level of air pollution during the cold season (from November
to April) is associated with the regular use of large quantities of charcoal for heating
and electricity production at power plants and in the Ger district of Ulaanbaatar [28].
The forest growing around the capital city, called “Green Zone of Ulaanbaatar”, plays
an important role in maintaining environmental sustainability for residents and is the
southern continuation of the distribution of the Great Siberian boreal forests [14]. These
forests are characterized by relatively high pollution exposure rate, and occupy a territory
0f' 227,263 ha [26]. There are very few studies on the effects of pollutants derived from
large settlements on surrounding forest ecosystems in Mongolia. The objectives of this
study are: to evaluate the effect of air pollution on stand and site quality; and to detect a
relationship between seed quality and remoteness from the pollution sources.

Materials and methods

Study area. The present study was carried out in natural larch forests growing
around Ulaaanbaatar city, which belong to the southwestern end of the Khentii
Mountains [6, 23]. Ulaanbaatar city is characterized by accelerated population
growth rate and industrialization, which has had a serious negative impact on the
natural forest environment. The climate in the study area is cold semi-arid and harsh
continental with a precipitation peak between June and August.

The dry season extends from March to June in spring and from September
to October in autumn. The mean temperature is 1.4 °C and annual precipitation
averages 269.2 mm (fig. 1). The soils in the area are mainly Umbrisols, Chernozems
and Kastanozems [15].
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Fig. 1. Climograph of the area around Ulaanbaatar, Mongolia (1988-2018)

Sampling design. Long-term meteorological data showed that the main wind
direction around Ulaanbaatar dominates from north-west to south-east. In order to detect
an environmental impact of pollutants originated from settlement area on surrounding
forest ecosystems, sampling plots were established along the main wind direction in
different radiuses (10 to 30 km) from the city center. Rectangular 100x100 m sample
plots were laid out in natural larch forests using completely randomized sampling
design. A total of eight forest sites were sampled in 2014, namely Shadivlan (Sh),
Yargait (Yt), Jigjid (Jd), Oin bulag (Ob), Ikh tenger (Ikht) in 10, 15, 20 and 30 km to the
north, and Khureltogoot (Kht), Chuluut (Cht) and Shajin hurh (Shh) in 10, 15, 20 and
30 km to the south from the city center, respectively (fig. 2).

Fig. 2. Location of the sample
plots

1:1,000,000

Measurements and data collection. Tree morphometric measurements in the
sample plots were carried out according to Anuchin N.P. [2]. Here, tree height and
stem diameter were measured using Haglof Vertex IV Hypsometer and Digital Tree
Caliper. The site index was used to determine the quality of the forest area. According
to Orlov’s classification, based on the average height and age of the stand, the
tallest trees belonged to quality class I, and the smallest belonged to quality class V,
respectively. Therefore, stand density was defined based on sum of stem basal area at
the sample plots. The stand density was determined based on the sum of the tree stem
basal area on the sample plots. However, the Kraft’s growth rate, A.A. Korchagin’s
tree seed crop classifications [4], and tree selection criteria were used to assess the
growth rate at the stand level, the crop of tree seeds and distribution of trees by the
relative tree position (plus, normal and low quality trees) [5, 8, 11], respectively.
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Seed collection was carried out from larch trees growing on the sample
plots in September, 2015 and 2016 [14]. A total of 400 seed trees were subjected
to seed collection on the inventoried sample plots. Therefore, the morphometric
measurements (length and width) of sampled cones and seeds were measured using
Mitutoyo Digital Vernier Caliper with an accuracy of 0.01 mm.

Laboratory tests of seed quality were performed in accordance with the
International Rules for Seed Testing [21]. Here, the weight of 1000 seeds of larch,
and their germination energy and germination capacity were examined. 100 seeds
with four replications from each seed sources were subjected to germination test.
Germination capacity is the proportion of total germinated seeds to that of sown
seeds, which is expressed in percentage. Germination energy (also expressed in
percentage), which is one of the commonly employed indices of germination speed
[21] was computed as the proportion of total germinated seeds after 7 days to that of
total germinated seeds after 15 days. Seed germination was tested under laboratory
conditions in a Plant Growth Chamber at the temperature of 20 to 30 °C for 15 days.
The differences in cone, seed and seed germination characteristics between different
seed sources were determined by analysis of variance (ANOVA). Duncan’s multiple
range test (DMRT) was used for multiple comparisons.

Results and discussion

Comparison of stand characteristics and site index. The main stand
characteristics of the sampled forests are shown in table 1. Overall, most of the stands
belonged to pre-mature and mature classes in terms of forest age, and stand density
was ranged from 0.6 (Shh) to 0.9 (Kht). Stand mean diameter (p > 0.001, F = 3.06)
and height (p > 0.001, F= 2.36) were varied among selected stands, and the greatest
values were recorded in Shh and Kht, and lowest in Yt and Cht, respectively (table 1).
Therefore, growing stocks among sampled stands were averaged 233.9+25.3 m?/ha.
In terms of site quality, all sample plots belonged to I1I-V bonitet / quality classes of
the sites, and the poorest site classes were recorded in Yt and Cht (table 1).

Table 1
Stand characteristics of the forests inventoried for this study
seo | sang Stand Mean M'ean /E(’l?::lti?; Growing Geographical locatlon.
ID | density age | diameter | height class of stock, Lat. Long. | Elevation,
n) | (cm) m | e | mYha N E m

Sh 0.8 110 21.4 16.7 v 215 107.05 | 47.50 1545
Yt 0.8 80 15.0 13.9 \% 213 106.51 | 48.09 1498
Jd 0.8 90 20.3 19.0 1 276 107.59 | 47.52 1439
Ob 0.8 120 21.9 20.5 v 254 107.03 | 47.51 1631
Ikht | 0.7 80 16.9 14.9 v 160 107.07 | 47.45 1648
Kht | 0.9 120 254 20.0 v 382 106.53 | 48.01 1532
Cht | 0.7 110 17.1 15.0 A% 164 106.55 | 48.06 1587
Shh | 0.6 100 28.9 22.6 I 207 106.53 | 48.02 1494
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According to Kraft’s growth rate classification, the trees growing in each
sampled stand were varied, and the dominant part belonged to I-III quality classes
except for Ikht and Kht, and the remaining part to [IV-V quality classes, respectively
(fig. 3). The distribution graph of larch trees by growth rate classes showed a steadily
increasing percentage of trees with slower growth rate in the selected areas with
transition to the city center (fig. 3). This pattern was more pronounced in the southern
closest forested areas, which are located along the main wind direction from sources
of pollution (fig. 30).

Contrary, in most of sampled forests in the north, the trees from I to III
quality class were often higher, and a gradual increase of slower growing trees
was also observed (fig. 3a). Generally, the highest proportion of faster growing
larch trees occurred in the most remote areas in both directions. In addition, a
detailed analysis of the trees using selection criteria showed a specific pattern
of distribution, where dominance belonged to stands of normal and low quality
(table 2).
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Fig. 3. Distribution of trees according to Kraft’s growth rate
classification on the northern (a) and southern (b) sample plots
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Table 2
Distribution of the trees by selection criteria
Remoteness Relative distributiop of the trees by selection
Site ID from the city criteria, % Stand quality
center, km Plus tree Normal tree Low quality tree
Sh 10 12.0 42.7 453 Low
Yt 15 13.1 38.3 48.6 Low
Jd 20 4.8 53.2 41.9 Normal
Ob 30 13.0 47.2 39.5 Normal
Ikht 10 6.6 37.1 56.1 Low
Kht 15 4.5 31.8 63.7 Low
Cht 20 33 69.5 27.2 Normal
Shh 30 10.8 459 43.2 Normal

The remaining part, which is only less than 8.5+1.45 % belonged to plus
tree position. In accordance with the selection criteria, all selected forests basically
belonged to normal (45.7+4.31 %) and low (45.8+3.90 %) quality stands. Our results
showed a critical high proportion of low quality trees in Ikht (56.1 %) and Kht
(63.7 %), which are located in 10 and 15 km from the city center to the south (table 2).
The existing difference in tree morphology and growth rate among selected areas
may be caused by negative effects of air pollutants originated from the capital city.
We found a stronger negative effect of air pollution in the southern points (within
20 km) via comparison of stand characteristics and site classes (table 1). According
to Amarsaikhan et al. [16] in Ulaanbaatar city, the annual average concentrations of
PM,,, PM, ., SO, and NO, were 165.1, 75.1, 50.5 pg/m* and 85 pg/m?, and critical
concentrations were observed in winter season. Rather good site quality is observed
considering the wind direction and sources of air pollution, in the forests growing to
the north from Ulaanbaatar city. Our findings support the idea of other studies that the
distribution of air pollutants in space is closely related to wind direction and velocity.
In addition, the long-term meteorological data around Ulaanbaatar city showed that
wind velocity and frequency peaked from March to May, which coincides with the
driest period of the year.

Variation in morphological characteristics of cones and seeds. The results of the
cone and seed morphological measurements are shown in table 3. Duncan’s multiple
range test revealed that there is a high variation of cone and seed morphometric
dimensions not only between selected areas, but also within each plot. Here, cone
length and width averaged 31.9+2.2 mm and 21.9 £+ 1.1 mm, and in comparison, Ob,
Jd and Cht had relatively good morphological dimensions for cone, and Shh, Ob and
Cht for seed (table 3).
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Table 3
Cone and seed morphological characteristics of larch trees
Site Length, mm Width, mm
ID max min average max min average
Cone morphology (n = 400)
Sh 40.0 22.6 30.2cd 24.4 15.9 20.6de
Yt 41.6 233 29.4.de 28.7 17.3 21.6¢
Jd 48.9 22.3 34.3ab 26.1 14.0 20.8d
Ob 44.9 26.0 35.3a 28.7 17.9 24a
Ikht 36.8 16.8 30.4c 324 11.1 22.2b
Kht 35.2 24.2 30.0d 26.6 17.7 21.5¢cd
Cht 41.9 25.5 32.5bc 29.5 17.5 22.7ab
Shh 39.0 26.2 32.9b 279 16.5 21.8bc
Seed morphology (n = 400)

Sh 4.7 2.6 3.8¢ 3.9 1.9 2.8bc
Yt 5.4 3.7 4.6cd 3.4 2.4 3.0b
Jd 54 3.8 4.7bc 3.6 2.6 3.0b
Ob 5.9 4.1 4.9ab 4.8 2.6 3.2a
Ikht 5.2 2.1 4.0de 4.0 1.2 2.7c
Kht 5.6 3.8 4.5¢ 3.9 2.5 3.1ab
Cht 5.6 3.7 4.8b 3.8 2.4 3.0b
Shh 6.0 3.9 5.0a 3.9 2.1 3.2a

Note: Means with different letters are significantly different according to Duncan’s multiple
range test at 5 % level.

The lowest mean rates in cone and seed morphology were also found in the
forests closer to the urban area. In our study, Ikht, Kht and Sh often showed lower
values of site quality and regeneration capacity compared to other selected forest
areas due to closer proximity to pollution sources.

The relationship between regeneration capacity and remoteness from the
urban area. Depending on growing environment and geographical distribution, the
weight of 1000 seeds, and their germination energy and capacity vary among different
regions [1, 3, 19]. Two-year tests of seed germination energy and germination
capacity have shown that the number of pollutants coming from the capital city
causes a serious limiting effect on the reproductive capacity of the forest [10]. We
found a high variation among these variables, and the poorest seed germination
capacity was also observed in the areas closest to the city center, such as Sh (27.2 %),
Ikht (28.1 %) and Kht (29.9 %), which were generally less than 30 % (fig. 4 a).
Meanwhile, the germination energy level was less than in other areas ranging from 15
to 40 %. Contrary, rather good germination capacity was detected in seeds collected
in more remote areas. Moreover, the relatively high means of seed weight and their
morphological dimensions were observed in seeds collected in the most remote areas
(Ob — 30 km to the north and Shh — 30 km to the south) (fig. 4).
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Fig. 4. Comparison of germination properties

In addition, we found an existing relationship between seed germination and
distance from the source of pollution. In this case, seed germination (r = 0.7819)
and energy (r = 0.8929) were strongly associated with an increase in distance from
the source of pollution. This positive trend observed in seed quality showed that
pollution sources have a negative impact not only on the quality of forest areas, but
also on the ability to regenerate (fig. 5 a, 5 b).
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Fig. 5. Relationship between distance from the source of pollution and

seed germination properties

Consequently, the quality and weight of 1000 seeds tended to improve with
distance from the city center. The existing relatively poor site classes and seed quality
innearby forest areas of Ulaanbaatar city might be associated with high concentrations
of gases and dust, accumulation of heavy metals and other chemicals in forest soils
and on tree surfaces, which have a strong negative impact on tree physiology, stand
reproduction and site quality.

Conclusion

In conclusion, a number of pollutants transferred to forest ecosystems by
air movement and wind activity have a strong negative impact not only on the site
quality, but also on the forest reproductive capacity by deteriorating the quality of
seeds. Moreover, the main wind direction, and remoteness from the pollution sources
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become a determining factor in the differentiation of the forest site quality and
reproductive capacity in the surrounding forests of Ulaanbaatar city.
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Annomayusn. KauecTBo CeMsIH U UX BCXOXKECTb SIBIISIOTCS [NIABHBIMU [IOKA3aTENISIMH, OIIpeJie-
JISIOMIMMU YCIIEX BOCCTAHOBJICHUS M CTPYKTYPY €CTECTBEHHBIX JIECHBIX dKocrucTeM. OCHOBHOE
BHUMaHHE Y/IJICHO Npo0ieMaM, CBA3aHHBIM C Kaue€CTBOM CEMSH JIMCTBCHHHUIIBI CHOMPCKOM
(Larix sibirica Ledeb.) u ee mpopacTaHreM B YCIOBHUIX 3aTrPSA3HEHUS BO3IyXa B OKPYKAIOIINX
JIECHBIX AKOCHCTeMax ropozaa Yman-baropa. Llenb paGoTsl — BBISIBICHHE BIMSHUS 3arps3He-
HUSI BO3JlyXa Ha MHJICKC Y4acTKa M aHaJM3 B3aWMOCBSI3M KaueCTBA CEMSH M PAcCTOSIHUS OT
JIECHOTO y4acTKa JI0 LIeHTpa ropojia (MakcuMyMa 3arpsisHenust). ViceiaenoBanus poBeeHbI B
€CTECTBEHHbBIX JINCTBEHHUYHHUKAX, IIPOU3PACTAIONINX B OKPECTHOCTSIX CTOJNUIBI MOHIOIUH.
Bcero 65110 3a7105k€HO BOoceMb POOHBIX TuTomaaei pasmepom 100x100 M ¢ uCTIONb30BaHIEM
TIOJTHOCTBIO PAaHIOMHU3MPOBAHHOTO TUIAHA 0TOOpa MPOO BJIOIH OCHOBHOTO HANPABICHUS BET-
pa. YoaneHHOCTb OT LieHTpa ropoza coctasisiia 10, 15, 20 u 30 kM kak Ha ceBep, TaK U Ha 0T,
OOHapy>keHbI 3HaUUTEIbHBIC Pa3Iniusl CpeHEl BBICOTHI ApeBocTeB (p > 0,001) u quamerpa
Ha BbicoTe 1,3 M (p > 0,001). B 1ie;iom Bce n3yueHHbIe JiecoHacaxIeHus1 oTHocuuch k 111, IV
U V kijaccam OOHHTETA, T. €. XapaKTePU30BAIUCH OTHOCUTEIBHO IIOXUM COCTOSTHUEM C TOYKH
3peHns HHJCKca yyacTka. boree BRICOKHE MHACKC YIacTKa M KauecTBO ceMsH y Larix sibirica
Ledeb. nabnromanrice B HanboIee ynaleHHBIX OT IIEHTPa TOpoaa MecTax, U, Hao0OpOT, caMbIe
HU3KHE I10 KaUYeCTBY CeMeHa ObUTH HaliIeHbI HEAAJIEKO OT IIEHTPa. DTO MO3BOJISACT YTBEPXK/IATh:
Jieca, MpoM3pacTarolie ONM3KO K NCTOYHUKAM 3arpsi3HEHUsI, HMEIOT TOTEHIMAIBHBIN PUCK
JIerpajlaliiy, a UX PerpoIyKTHBHbIC OpraHbl UyBCTBUTEJILHEE K BO3/ICHCTBUIO BPEIHBIX Be-
IIECTB, YeM Y JIEPEBbEB, PACIIOIOKCHHBIX B KOJIOTHUYECKU OoJiee OaronpusITHHIX pailoHax.
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Bnazooapruocme: JlanHoe uccienoBaHue ObUIO TPOBEACHO B paMKax mpoekra «M3yuenne
JIECHBIX DKOCHCTEM B 3€JIEHOH 30He ropoia Yian-barop» npu (unancoBoit nmogepsxkke Douaa
«Hayka u Texnomorum». MsI Taroke Onaronapum Jxona CTaHTYpda 32 TOMOIIH B TOATOTOB-
K€ CTaThbu.
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JKECTh, MHJICKC YYacTKa, 3arps3HEHUE BO3/IyXa, YiaH-bartop, MoHromms.
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