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ABSTRACT 

  

Drought tolerance of plant species is a decisive factor for the success 

of rehabilitation in arid and semi-arid areas, such as Mongolia and Inner 

Mongolia in China. Siberian elm (Ulmus pumila L.) is a deciduous species 

often used for rehabilitation in Mongolia due to its ability to adapt to a wide 

range of soil moisture conditions from xeric sand dune in Gobi desert area to 

hydric riverside. In this study, the morphological and physiological 

characteristics of Siberian elm leaves along different precipitation gradients 

were investigated to understand the adaptation strategies of mature trees to 

dry conditions. In addition, growth and physiological characteristics of 

seedlings grown under different water conditions were compared to examine 

their adaptive strategy developed and to suggest optimal conditions for their 

growth in degraded areas. 

To compare the adaptation strategies of mature trees, Siberian elm 

leaves were collected from four regions namely, Jeongseon (Korea), 

Qingyuan (China), Wulanaodu (China), and Kokunhang (Mongolia), where 

annual precipitation ranges from 232 to 1,304 mm yr-1. Intrinsic water use 

efficiency (iWUE), leaf mass per unit leaf area (LMA) and leaf stomatal 

morphological characteristics were investigated. At seedling level, the growth, 

LMA, shoot water potential, and photosynthetic characteristics were 

investigated for two- and four-year-old seedlings in the open field nursery and 

greenhouse. On the other hand, the growth and photosynthetic characteristics 

of two-year-old seedlings were compared under different soil types, soil 
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fertilities and irrigation intervals.  

This study showed that Siberian elm had decreased WUE (δ13C: 

from -26.12‰ to -31.28 ‰), LMA (from 146.21 to 107.57 g m-2) and stomatal 

pore depth (from 5.21 to 3.02 μm) as annual precipitation increased (from 232 

to 1,304 mm) (p<0.05). In contrast, stomatal area per unit leaf area increased 

logarithmically along the precipitation gradients. Similar to mature trees, two- 

and four-year-old seedlings grown in the open field showed higher LMA, and 

lower shoot water potential (more negative values) than seedlings grown in 

the greenhouse. Also, four-year-old seedlings in the open field showed higher 

WUE than those in the greenhouse. However, two- and four-year-old 

seedlings recorded higher growth rate in the greenhouse than in the open field, 

while the slenderness, which is important for the survival in arid area, was 

better in the open field only for two-year-old seedlings (p<0.05). The two-

year-old seedling in pots showed higher survival rates in sand compared to 

nursery and mixed soil (p<0.05). In addition, shoot and root collar diameter 

(RCD) growth were higher and root/shoot ratio was lower in fertilized pots 

than control pots (p<0.05). However, the slenderness increased as the 

irrigation interval increased (p<0.05). Control seedlings had increased WUE 

as irrigation interval increased (p<0.05), while fertilized seedlings reduced 

their leaf size as water deficit increased (p< 0.05). 

This study concludes that Siberian elm has effective adaptation 

strategies to water deficient environments and can therefore be a valuable 

candidate species for rehabilitation of degraded ecosystems in arid and semi-
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arid areas. When growing seedlings, frequent watering may not be necessary. 

Thus, controlling irrigation interval considering fertility and soil texture 

particularly of sand can be considered to improve their drought tolerance. 

  

Keywords: adaptive strategy, drought tolerance, generalist species, inter-

specific variation, intrinsic water use efficiency, rehabilitation, 

seedling experiment, stomatal structural characteristic  
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ACRONYMS 

 

ca Ambient air CO2 concentration 

ci Intercellular CO2 concentration of leaf 

DBH Diameter at breast height (cm) 

δ13C Carbon isotope composition (‰) 

E Transpiration (mmol H2O m-2s-1) 

FESEM Field Emission Scanning Electron Microscopy 

FIB-FESEM Focused Ion Beam-Field Emission Scanning Electron 

Microscopy 

gc Stomatal conductance (mol H2O m-2s-1) 

iWUE Intrinsic water use efficiency 

LMA Leaf mass per unit leaf area (g/m2) 

Nmass Leaf mass-based N concentration (%) 

PN Net photosynthesis (µmol CO2 m
-2s-1) 

PPFD Photosynthetic nitrogen use efficiency (µmol m-2s-1) 

RCD Root collar diameter (mm) 

RHair Relative humidity in the air (%) 

RGR Relative growth rate 

S Leaf area (cm2) 

SD Stomatal density (numbers mm-2) 

STN Stomata number 

STS Stomata size (µm) 

SWC Soil water content (%) 

VPair Vapor pressure in the air (kPa) 

VPDair Vapor pressure deficit in the air (kPa) 

VPDch Vapor pressure deficit in the chamber (kPa) 

VPsat Saturation vapor pressure (kPa) 
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WLSI White Light Scanning Interferometry 

WUE Water use efficiency (µmolCO2 mmol H2O
-1) 

Ψ Osmotic potential (MPa) 

ψs Shoot water potential (Mpa) 
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Chapter 1. Introduction 

 

Facing forest degradation, many Asian countries are struggling to 

reduce net loss of forest (FAO, 2010). Rehabilitation efforts to reduce forest 

degradation encounter difficulties especially in vulnerable areas, such as arid 

and semi-arid areas, due to harsh environmental condition. Desertification 

process is not merely the advance of existing deserts but rather the combined 

effects of localized land degradation, overexploitation of forests, trees, bush, 

grazing land and soil resources, and inadequate water resource management. 

In addition, according to the IPCC (2007), global warming will cause a 

decrease in rainfall and an increase in extreme weather conditions, such as 

long periods of drought, leading to severe water scarcity and increased 

desertification. 

The rapid and extensive deforestation of arid and semi-arid areas like 

in Mongolia and Inner Mongolia of China elevates the need for rehabilitation 

of degraded land (Tsogtbaatar, 2007; Wu et al., 2007). During the last decade, 

a total of 4,520,000 ha forest lands were degraded in Mongolia and only 7% 

of land area is covered with forest (FAO, 2010). 

In Mongolia, reforestation activities commenced in 1971, 48 years 

after the first sawmill was established and commercial timber extraction 

started. Major planted species were pine (Pinus sylvestris), larch (Larix 

sibirica), poplars (Populus spp.) and elm (Ulmus pumila). However, 

reforestation success was very low and seldom reaching 50%. Main reasons 

for the poor performance of these plantations were lack of compatibility 
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between site and species, poor nursery systems and site preparation, poor 

quality of planting stock resulting from poor seeds and nursery techniques, 

inappropriate plantation establishment practices, and lack of post 

establishment maintenance (Tsogtbaatar, 2007). 

The Chinese Government has established strategies for afforestation / 

reforestation (2011-2020) and two green ecological shelter areas to combat 

desertification in the north caused by coastal wind and waves. The portion of 

planted forest in the forest area has been increasing annually. In 2010, 37% of 

forest area consisted of planted forest in China. 

 Selection of suitable species can be the first step towards successful 

rehabilitation in arid and semi-arid areas. Criteria for the selection of tree 

species include good adaptation ability to various soil conditions and drought, 

nitrogen fixing capacity and fast growing characteristics. One of the major 

limiting factors for plants in arid and semi-arid areas is water supply (Jones, 

1992). Therefore, selection of proper species which are resistant or tolerant to 

drought is important for successful rehabilitation. 

It is also important to understand the morphological and 

physiological characteristics of planted species under water deficient 

condition for preparation of rehabilitation. Seedlings are normally 

transplanted after being grown in the nursery for about four years in Mongolia. 

Therefore, investigating eco-physiological characteristics of drought tolerant 

species at seedling level under different water regimes or growing conditions 

will enable the understanding of species adaptation strategies to dry condition 
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and improve seedling performance in the nursery (Fischerr and Turner, 1978; 

Farooq et al., 2009).  

Stoma (pl. stomata) is an opening or pore in the epidermis bordered 

by guard cells in plants (Evert, 2006; Carpenter, 2005; Mauseth, 1988). The 

main control of gas exchange and water movement in plants is provided by 

stomata (Cutler et al., 2008). Structural characteristics of stomata consist of 

stomatal shape, density, depth and pore dimensions. These variations are 

thought to apparently affect gas exchange and pathways of water in the leaf 

(Roth-Nebelsick, 2007; Swarthout, 2010). In some xerophytic plants, stomata 

are sunken beneath the abaxial leaf surface to minimize water loss (Cutler et 

al., 2008). The ability of species to respond and adapt to the changing 

environments is critical in terms of their survival and distribution (Fraser et al., 

2009).  

Photosynthesis is the process in which light energy is used to reduce 

CO2 to organic compounds. It occurs in the chloroplasts in higher plants and 

algae (Lambers et al., 2008). In photosynthesis, leaves play a crucial role in 

growth and development of woody plants because they are the principal 

photosynthetic organs. Changes in photosynthetic activity caused by 

environmental changes eventually will influence growth of vegetative and 

reproductive tissues. On the other hand, transpiration (E) causes water loss 

from leaves due to evaporation from within a leaf (Lambers et al., 2008). It 

controls the rate of absorption and the ascent of sap, and causes almost daily 

leaf water deficits (Kozlowski and Pallardy, 1997). It is mostly affected by 

plant factors such as leaf structure and exposure and, the responses of stomata 
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(Kramer, 1983; Kramer and Boyer, 1995). The driving force behind E is 

atmospheric demand. Actual values of E can be limited by soil water 

availability (Nadezhdina et al., 2007). 

Stomatal conductance (gs), on the other hand, has been 

experimentally shown related to net CO2 assimilation rate, environmental 

vapor pressure deficit (VPD), soil water stress and intercellular CO2 

concentration (Gao et al., 2002). Stomatal responses to water availability in 

the soil, leaf and atmosphere are highly interactive. As soil water decreases, gs 

also decreases at any particular level of evaporative demand (Bond and 

Kavanagh, 1999).  

Water use efficiency (WUE) is one of the main physiological factors 

that can explain plant responses to abiotic influence especially to water 

deficient condition (Chaves et al., 2004). Water use efficiency of crop plant is 

usually investigated by calculating the ratio of the total biomass and the 

amount of water supplied. For instantaneous WUE, values can be obtained by 

dividing the net photosynthesis rate with the transpiration rate (Pn/E) which is 

measured using chamber (Farquhar et al., 1982). Infrared gas analysis 

(IRGA)-derived measurement of WUE shows only short term responses to 

immediate condition (Lajtha and Marshall, 1994) whereas the long term 

strategy of plant responses to environmental condition can be explained from 

the intrinsic water use efficiency (iWUE).  

The above photosynthetic characteristics of woody plants vary 

widely and are influenced by the interactions of many environmental and 

plant factors such as water supply, air humidity, light, temperature, CO2 
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concentration of the air, soil fertility, salinity, pollutants, chemicals, insects 

and various interactions among these (Larcher, 1995; Zhu, 2001; Callaway et 

al., 2002; Wang et al., 2003; Mittler, 2006; Rennenberg et al., 2006; Bartels 

and Sunkar, 2007; Li et al., 2007; Lehto and Zwiazek, 2011). 

Through investigating plant growth and physiological characteristics, 

a particular species can be determined whether it is suitable to be planted in 

water deficient condition or whether it is a potential species for rehabilitation 

in the arid and the semi-arid areas (Ni and Pallardy, 1991). Hence, 

understanding of these characteristics and application of the methodology 

must be done properly.  

Ulmus pumila L., also known as Siberian elm, belongs to the family 

Ulmaceae. The term ‘pumila’ comes from the Latin word ‘pumilus’ which 

means dwarf. As its scientific name means, Siberian elm is a fast-growing, 

small to medium-sized tree with an open, round crown of slender and 

spreading branches (INPC, 1990; Kim, 1996; Lee, 1996). It is an East Asian-

Mongolian-Daurian species and its distribution range shows wide and various 

areas covering Korea, China and Mongolia (Figure 1.1). Environmental 

conditions where Siberian elm is found vary such as in steppe, sand dune, or 

valleys including riverside. It is regularly found in savanna-like stands on sun-

exposed slopes of northern Mongolia, which are otherwise covered with 

steppe grasslands (Hilbig, 1995; Dulamsuren et al., 2005a, b, 2009a, b). 

Siberian elm is the only tree species occurring in the southern and south-

eastern Mongolia (Wesche et al., 2011). Siberian elm distributed in valleys of 
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permanently or periodically flooded rivers can reach a height of up to 20 m 

and an age of more than 200 years (Lindeman et al., 1994). 

Figure 1.1. Distribution of Ulmus pumila in Northeast Asia (Korea1, China2, 

Mongolia3 and Russia4).  

1 http://plaza.snu.ac.kr/~quercus1/; Choung et al. (2003)  
2 Fu and Hong (2005) 
3 Hilbig and Knapp (1983)  
4 Koropachinskiy and Vstovskaya (2002)  

 

Even though Siberian elm is susceptible to diseases and attacks from 

insects such as Dutch elm disease, elm bark beetle and elm leaf beetle (Miller 

et al., 2003; Townsend and Douglass, 2004; Negron et al., 2005; Solla et al., 

2005; Dulamsuren et al., 2009), its cold, drought and burial hardiness enables 

it to succeed in arid area where few other broadleaved trees can survive (Shi 

et al., 2004; Dulamsuren et al., 2005; Park et al., 2012). It is therefore used as 
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the main broadleaved species for rehabilitation of arid and semi-arid areas to 

combat desertification (Dulamsuren et al., 2004; Dulamsuren et al., 2009; Shi 

et al., 2004; Valladares and Sánchez-Gómez, 2006). Also, it is known that this 

species is utilized for feeding animals in North Korea. 

Despite the ability of Siberian elm species to adapt in dry conditions, 

adaptation strategies such as growth, WUE and leaf morphological response 

under dry condition are not known yet.  

This study aimed to investigate the variations in morphological and 

physiological characteristics of Siberian elm tree 1) under different 

precipitations and relationships among these traits, and 2) under different 

growing conditions at seedling level. 

This study consists of three sub experiments. First, the 

morphological and physiological characteristics of Siberian elm leaves were 

investigated along different precipitation gradients to understand the 

adaptation strategies of mature trees to dry conditions. Second, growth and 

physiological, especially, water and photosynthesis related characteristics of 

two- and four-year-old seedlings grown in open field and greenhouse were 

compared to examine the development of adaptive strategies by seedlings 

under different conditions. Lastly, the growth and photosynthetic ability of 

two-year-old seedlings were tested with different types of soil texture, soil 

fertilities and irrigation intervals in order to grow Siberian elm seedlings for 

better success in rehabilitation of degraded forests. 
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Chapter 2. Morphological and physiological plasticity of Siberian elm 

(Ulmus pumila L.) leaves along precipitation  

 

2.1 Introduction 

 

2.1.1 Adaptive phenotypic plasticity  

 

Examining physiological and morphological responses to drought 

stress in generalist species is important for understanding how differentiation 

and plasticity could contribute to adaptation at environmental stresses (Munns, 

2002). For Quercus coccifera and Pinus halepensis which have wide 

geographical distribution in Mediterranean, the evidence for ecotypic 

divergence was found; saplings were plastic enough to blur ecotypic 

differentiation (Baquedano et al., 2008). In terms of willows (Salix spp.), they 

can be grouped by habitat generalist and habitat specialist shows different 

responses to dry condition (Savage and Cavender-Bares, 2011). Heschel et al. 

(2004) addressed that maintenance of fitness in stressful conditions may 

involve population differentiation of Polygonum persicaria along different 

axes of functional plasticity, including root biomass allocation and WUE.  

 

2.1.2 Leaf mass per unit leaf area (LMA) 

 

Leaf mass per unit leaf area (LMA) defined as the ratio between leaf 

mass and leaf area often affects net gas exchange because of their effects on 
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internal CO2 conductance to the site of carboxylation, internal shading, 

competition among carboxylation sites, nitrogen concentration and its 

partitioning (Elowson and Rytter, 1988; Mediavilla et al., 2001; Montpied et 

al., 2009). Both species specific and inter-specific variation in LMA has been 

described for a wide range of both herbaceous and tree species (Poorter et al., 

2009). LMA varies among species that partition environmental gradients, and 

tends to be higher for species from oligotrophic habitats (Poorter and DeJong, 

1999; Wright and Westoby, 2000), evergreen species from shaded (Walters 

and Reich, 1999; Davi et al., 2008; Lusk et al., 2008; Poorter, 2009) or low-

rainfall habitats (Wright et al., 2001; Santiago et al., 2004; Schulze et al., 

2006) and species from undisturbed habitats (Louault et al., 2005). As a 

consequence, it can be one of the main leaf traits that characterize the species 

adaptation to environmental conditions and its eco-physiological properties 

(Castro- Díez et al., 2000; Green et al., 2003). 

 

2.1.3 Stomatal characteristics and drought resistance 

 

 As Roth-Nebelsic (2007) mentioned, stomatal structure can influence 

water loss around stomata by boundary effect. Therefore sunken stomata can 

be explained as an adaptation strategy of plant to drought stress (Sobrado and 

Medina, 1980; Rotondi et al, 2003). It is known that the percentage of stomata 

occupying area per leaf unit area can be affected by aridity (Herrera and 

Cuberos, 1990; Verona and Calcagno, 1991). 
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2.1.4 Using electronic microscopy in analyzing stomatal morphological 

characteristics  

 

Study on stomatal structural characteristics of Siberian elm along 

precipitation gradient has never been done before. High resolution surface 

imaging is achieved on stomatal complexes by Field Emission Scanning 

Electron Microscopy (FESEM). Meanwhile, accurate measurement of the z-

axis dimension of stomatal complexes is limited by conventional FESEM due 

to its intrinsic nature of imaging principles. There is growing evidence that 

stomatal complexes can be quantitatively analyzed by non-contact optical 

scanning techniques. For example, White Light Scanning Interferometry 

(WLSI) has been employed to provide three-dimensional metrology data of 

leaf surface in diverse plant taxa ranging from conifers to broadleaved species 

(Gorb and Gorb, 2009; Kim et al., 2011). Based on characteristic 

interferograms of light reflected from a reference mirror and an object, the 

topographical images are generated by computer software (Cross et al., 2009). 

Subtle differences in height fluctuations (up to 2 Å from some specifications) 

are resolved by WLSI. The vertical dimension of stomatal complexes was 

nondestructively compared among pine species by WLSI to unravel hybrid 

phenotypes (Kim et al., 2010).  

With the advances in ion optics, Focused Ion Beam (FIB) systems 

have been increasingly used for biological materials as well as metals and 

semiconductors (Hou and Yao, 2007). Combining the FIB’s precise 

machining abilities with the FESEM’s high resolution imaging abilities the 
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two-beam system (FIB-FESEM) leads novel applications to emerge that were 

previously impossible (Hou and Yao, 2007). With no need for specimen 

preparations such as resin infiltration and embedding, the in situ sectioning of 

non-embedded biological structures by FIB has been reported from barley 

chromosome (Schroeder-Reiter et al., 2009), bacterial cells (Maclean et al., 

2008) and fungus-infected plant leaves (Kaminskyj and Dahms, 2008).  

 

2.1.5 Intrinsic water use efficiency and carbon isotope composition 

analysis 

 

Isotopic composition data in ecosystem can contribute to both 

source-sink and process information (Peterson and Fry, 1987). Among the 

representative stable isotopic elements (C, N, S, H, and O), the carbon isotope 

composition (13C/12C), expressed with a differential notation as δ13C, has been 

proposed as an indicator for plant iWUE in several studies (Farquhar and 

Richards, 1984; Flanagan and Ehleringer, 1991; Furthermore Schulze et al., 

1998; Tsialtas et al., 2001; Bacon, 2004; Akhter et al., 2008). The relationship 

between 13C discrimination (Δ) and ci/ca (intercellular CO2 concentration of 

leaf/ambient air CO2 concentration) according to Farquhar (1984) is 

integrated between PN and stomatal conductance for CO2 (g CO 2) to obtain a 

new relation linking Δ, PN and gs, rather than that between Δ and E 

(transpiration rate). Thus, it eliminates the unfavorable influence of VPD 

(vapor pressure deficit) on E. Sun et al. (1992) verified the feasibility of δ13C-

caculated WUE in comparison with measured WUE in the field. Numerous 
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studies on the relationship between δ13C and WUE of crops have been carried 

out and focused on grain yield (Farquhar and Richards, 1984; Sayre et al., 

1995; Tokatlidis et al., 2004; Monneveux et al., 2005; Akhter et al., 2008; Zhu 

et al., 2009) that highlighted the relationship between δ13C and WUE of wheat. 

Furthermore Schulze et al. (1998) quantified the relationship between isotope 

discrimination and increasing aridity along a continental-scale aridity gradient. 

Ferrio et al. (2003) compared the iWUE difference between two species under 

different water precipitations. Also, Tsialtas et al. (2001) studied the inter-

specific variation on WUE by analyzing δ13C of grass species.  

Relationship between δ13C (‰) and ci/ca ratio can be described as 

below (Farquhar et al., 1989): 

δ13Cplant= δ13Cair – a – (b – a)
  

  
 

where δ13Cplant and δ13Cair are the carbon isotope composition of plant and 

atmospheric CO2, respectively. 

 

 Estimation of iWUE can be made from the δ13C variations based on 

the relationship between iWUE and ci/ca ratio (Farquhar et al., 1989): 

WUE =
C (1 −

C 
C )

1.6υ
 

where υ is the water vapor pressure difference between the intercellular space 

and the atmosphere.  

 

The usage of δ13C to prescribe WUE has an advantage where it 

integrates a time period of plant growth while the night time respiration is also 
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taken into consideration. Therefore, the measurement of iWUE with 13C 

application shows high stability. 

In Australia, δ13C of plant community measured along rainfall 

gradient varied from -25.6‰ in dry end to -31.2‰ in the wetter part of the 

gradient (Stewart et al., 1995). Moreover, comparison on δ13C of 57 clones of 

eucalyptus planted in Portugal in two sites with a rainfall of 705 mm and 

1,290 mm respectively, showed that the average difference between the two 

sites was around 2‰ less negative in dry site (Chaves et al., 2004). 

For successful rehabilitation in arid and semi-arid areas, the 

physiological responses of Siberian elm to water deficient condition both at 

mature tree and seedling stages need to be investigated. However, there are 

few studies on that. In previous studies, iWUE analyzed by δ13C were limited 

to community-based analysis or herbal species (Stewart et al., 1995). Studies 

on inter-specific variation on δ13C of tree species are few (Zheneg and 

Shangguan, 2007; Tanaka-Oda et al., 2010). Also, study on stomatal structural 

characteristics of Siberian elm along precipitation gradient has never been 

done in the previous researches. 

This study aimed to 1) investigate variation in physiological and 

morphological leaf traits, including δ13C, LMA, stomata density, size, stomata 

area per leaf unit area, surface roughness and stomata pore depth of Siberian 

elm tree under different precipitations, and 2) analyze relationship between 

these traits.  
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2.2 Material and Methods 

 

2.2.1 Study sites 

 

For sampling leaves, Siberian elm trees were selected from the 

regions in Northeast Asia: Korea (Jeongseon), China (Qingyuan and 

Wulanaodu), and Mongolia (Kokunhang) with different environmental 

conditions (Figure 2.1). The basic site information of four regions including 

annual precipitation and temperature is listed at Table 2.1.  

In Jeonseon, Siberian elm trees are growing along the riverside of 

Dong River, where localized torrential downpours causes floods over the tree 

heights due to the steep slope surrounding the river (Choung et al., 2003). Due 

to continental climate, more than 50% of total annual precipitation is occurred 

during the summer months (June to August).  

Site Qingyuan is located in a hillside of steep mountainous region in 

the eastern Liaoning Province, China, near Qingyuan Experimental Station, 

Institute of Applied Ecology. Even though a stream is flowing through the 

valley below, Qingyuan is located high enough not to be flooded by severe 

rain events. Similar to Jeongseon, the climate of the region is a continental 

monsoon type with humid and rainy summer, and cold and dry winter (Yang 

et al., 2010).  

For drier sites, Wulanaodu in northeastern Inner Mongolia of China 

near Wulanaodu Desertification Experiment Station of Chinese Academy of 

Sciences belongs to a semi-arid climate. Siberian elm is the only tree around 
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and they are scattered over the sand dune and grasslands in Wulanaodu. Site 

Kokunhang is located at a rocky meadow mountain forest in mid-western part 

of Mongolia near Gurvanbulag Sum and belongs to the arid climate. Similar 

to Wulanaodu, Siberian elm trees are the only tree and they are scattered. 

However, Kokunhang has Caragana spp. as understory vegetation.   

 

 

Figure 2.1. Location of the four sampling sites in Korea (Jeongseon, JS), 

China (Qingyuan, QI; Wulanaodu, WU) and Mongolia (Kokunhang, KK).
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Table 2.1. Geographical and climatic conditions of the four sampling sites in Korea, China and Mongolia (± SE)  

Country Sampling site 
Geographical 

location 
Altitude 

(m) 
Climate and site type 

Soil 
type 

Annual 
precipitation 

(mm) 

Mean annual 
temperature 

(℃) 

Maximum 
monthly 

temperature 
(℃) 

Minimum 
monthly 

temperature 
[℃] 

Korea Jeongseon1 N 37°16’16.6” 
E128°35’31.0” 

242 Warm temperate climate 
and valley in forest 

Sandy 
loam 

1,304 ± 103a 10.1 ± 0.1a 23.2 ± 0.8 a -4.3 ± 0.7 c 

China Qingyuan2 N 41°54’57.2” 
E124°55’13.1” 

607 Warm temperate climate 
and valley in forest 

Clay 
and 

loam 

730 ± 123b 5.1 ± 0.5c 23.9 ± 5.7 a -11±1.7 b 

 Wulanaodu3 N 43°04’53.8” 
E119°36’33.2” 

537 Warm temperate climate 
and sand dune 

Sand 329 ± 35c 6.6 ± 0.6b 25.9 ± 3.2 b -14.4 ± 1.3 ab 

Mongolia Kokunhang4 N 47°26’01.7” 
E 103°40’40.1” 

1,342 Semi-arid climate and 
valley, wood land  

Sand 232 ± 30d 1.7 ± 0.6 d 19.7 ± 0.8c -16.0 ± 1.0a 

* Climate data during 2007~2010 were cited from 1) Annual Report of Automatic Weather Station Data (527 Jeongseon) Korea 

Meteorological Administration; 2) Qingyuan Experimental Station of Forest Ecology of Institute of Applied Ecology, Chinese Academy of 

Sciences (Yang et al., 2010); 3) Wulanaodu Desertification Experiment Station of Chinese Academy of Sciences (Yan et al., 2011; Ma et al., 

2010); 4) Gurvanbulag sum, Weather station data. 

* SE: Standard error 

* Different letters indicate significant differences according to Duncan's multiple range tests at 5% level of probability 
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Height and diameter at breast height (DBH) of selected Siberian elm 

trees were measured. As Figure 2.2 shows, both values of height and DBH 

from each site is statistically different (p<0.0001). Height of Siberian elm in 

Wulanaodu and Kokunhang (7.67 ± 0.30 cm and 8.01 ± 0.44 cm, respectively) 

where the annual precipitation is lower than 500 mm yr-1 is lower than 

Jeongseon and Qingyuan (11.89 ± 0.42 cm and 16.23 ± 1.09 cm, respectively). 

In contrast, DBH of Siberian elm in Wulanaodu and Kokunhang (27.55 ± 1.54 

cm and 20.91 ± 1.69 cm, respectively) is higher than in Jesongseon and 

Qingyuan (29.79 ± 1.62 cm and 33.38 ± 1.61 cm, respectively). 

Site
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Figure 2.2. Growth characteristics of U. pumila growing in the sampled sites 

of Korea (Jeongseon, JS), China (Qingyuan, QI; Wulanaodu, WU), and 

Mongolia (Kokunhang, KK). A-height (m); B-DBH (cm). 
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2.2.2 Leaf sampling 

 

Among selected trees, leaves which were fully exposed to sunlight 

were taken from two-year-old branch at the middle part of the crown from 

around 60-year-old Siberian elm trees from August to September when the 

leaf expansion finished in the four sites: (i) Jeongseon, Korea, (ii) Qingyuan, 

China, (iii) Wulanaodu, China, and (iv) Kokunhang, Mongolia. Collected leaf 

samples were sealed in plastic bags with pressure to keep them flat for 

measuring leaf size. They were contained in a Petri Dish for proper 

investigation of stomatal structure.  

 

2.2.3 Leaf mass per unit leaf area (LMA) 

 

Twenty leaves from each tree were dried in the drying oven at 72 oC 

for 48 hours. Dried leaves were weighted to obtain leaf dry mass using an 

electronic micro scale, Precision Balance AR2130 (unit=0.01g, Ohaus Corp., 

USA). The area of individual leaf was measured with LI-3100C Portable Leaf 

Area Meter (LI-COR company, Lincoln, NE, USA). LMA was obtained by 

dividing individual dried leaf biomass by each leaf area (Poorter et al., 2009). 
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2.2.4 Stomata size, density and stomatal area per leaf unit area 

 

For investigating the stomatal characteristics, leaf samples were dried 

in room temperature without external pressure. The dried leaf fragments (5 

mm ´ 5 mm) were mounted on a metal stub and sputter-coated with platinum 

(Pt) using a coater (SCD 005; BAL-TEC, Balzers, Liechtenstein). They were 

examined with a Schottky-type FESEM (Supra 55VP; Carl Zeiss, Oberkochen, 

Germany) operated at an acceleration voltage of 2 kV. An axial annular type 

in-lens detector was employed to acquire the secondary electron signals. 

Stomatal dimensions were measured using a built-in software package 

(SmartSEM version 5.3.5; Carl Zeiss, Oberkochen, Germany). Five sample 

points were measured on each leaf and photomicrographs were taken at 

different positions. Number of stomata was counted in 10 scan areas (300 µm 

´ 210 µm) selected randomly on the leaves and the stomatal density per 

square millimeter (mm-2) was calculated. Stomatal size was calculated by 

multiplying length (µm) and width (µm) of stomata. Stomatal area per leaf 

unit area was calculated by multiplying stomata size and stomata density. 

 

2.2.5 Stomata depth (vertical) structure and surface roughness 

 

For the quantitative analysis of vertical dimensions of stomatal 

complexes, Non-contact Optical Scanning Interferometry was performed. The 
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Pt-coated leaf fragments for FESEM were mounted on a stage of a non-

contact three-dimensional surface profiler (NanoView-E1000; NanoSystem, 

Daejeon, Korea). Topographic images over 125 µm ´ 95 µm scan areas were 

acquired and zoomed into smaller areas (30 µm ´ 30 µm) of stomata. Line 

profile analysis was conducted to measure the stomatal pore depth (from 

epidermis to pore) and two types of surface roughness (average roughness and 

root-mean-square [RMS] roughness) of 30 randomly selected stomatal 

complexes were determined using a built-in software package (Nano Map 

version 2.5.17.0; Nano System) (Kim et al., 2011). The mean values of each 

parameter were calculated and analyzed as described above. 

The Pt-coated leaf specimens were mounted on a stage of a two-beam 

system (FIB-FESEM) (Auriga; Carl Zeiss, Oberkochen, Germany). The FIB 

system was mounted on the FESEM column at an angle of 54°, and consisted 

of gallium (Ga) ion source operated at an acceleration voltage of 30 kV. The 

FIB-FESEM was equipped with an in situ gas injection system of Pt. The 

specimens were tilted to an angle of 54° and additionally deposited with Pt for 

protection layer. Coarse cross sections of the stomatal complexes were made 

with a 10-nA ion beam current and fine polished with a 50-pA ion beam 

current. The exposed surface was imaged using an in-column energy-selective 

backscattered electron (EsB) detector at an acceleration voltage of 2 kV (Kim 

and Jaksch, 2009). EsB images were tilt-corrected for undistorted surface view. 

The stomatal pore depth was measured from 20 stomatal complexes of each 
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leaf and the mean depth values were calculated and analyzed as described 

above. 

 

2.2.6 Leaf carbon isotope composition, ci/ca ratio and N concentration 

analysis 

 

To investigate intrinsic WUE, δ13C was measured for leaf samples 

collected from the four sites. Six leaves collected from the six trees which 

were selected from each region and the selected leaves were dried in the oven 

at 72˚C for 48 hrs. The dried samples were homogenized by grinding as 

powder using FastPrep-24 (MP Biomedicals, USA). 

The δ13C (‰), using the Pee Dee belemite (PDB) standard 

(approximately 0.0112372‰), was determined via combustion of samples in 

an elemental analyzer coupled to the stable isotope ratio mass spectrometer 

(IsoPrime-EA, UK). 

 

δ13C was obtained using the equation below: 

δ13C (‰) = 
  

  
− 1 × 1000, 

where Rp is abundance ratio of 13C/12C of examined sample, 

Rs refers to internationally recognized standard abundance ratio of 13C/12C 

(PDB). Because Rp is usually smaller than Rs, the δ13C value is negative. 
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The value on ci/ca ratio was calculated with the formula:  

δ13C (‰) = δ13Cair (‰) – 4.4 – (30 – 4.4)(ci/ca) (Farquhar et al., 1989). 

At the same time, the leaf mass based foliar N concentrations were 

analyzed as well. The analysis was performed at the National Instrumentation 

Center for Environmental Management (NICEM), College of Agriculture and 

Life Sciences (CALS), Seoul National University, Republic of Korea. 

 

2.2.7 Statistical analysis 

 

Most of the statistical tests were performed using a statistical 

software package (SPSS 16.0 program, SPSS Inc., Chicago, Illinois, USA).  

Values of physiological variables were analyzed by standard ANOVA for 

comparing means. Regression analysis based on the measured data was used 

to estimate the derived parameters, such as LMA, stomata density, and 

stomata depth. Duncan’s multiple range test was used for multiple 

comparisons (Duncan, 1955). Graphs were plotted using Sigma Plot 2000 

software (version 6.1, SPSS Inc., U.S.A.). Pearson’s correlation test and factor 

analysis were performed for finding relationships among physiological 

characteristics of Siberian elm with XSTAT (version 1.1, John Wiley & Sons, 

Inc., New York, USA). 
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2.3  Results and Discussion 

 

2.3.1 Variation on leaf size and LMA 

 

Size of leaves from Wulanaodu and Kokunhang, where annual 

precipitation was less than 500 mm, were 7.48 ± 0.41 cm2 and 8.30 ± 3.31 cm2, 

respectively and they were significantly smaller than leaves from mesic areas, 

Qingyuan (12.54 ± 7.40 cm2, where annual precipitation is higher than 700 

mm yr-1) and Jeongseon (11.93 ± 2.77 cm2, where annual precipitation is 

higher than 1,300mm yr-1) (p=0.0015) (Figure 2.3A). As Murphy et al. (2012) 

addressed, above leaf size plasticity can provide an efficient way for Siberian 

elm to acclimate hydraulic and stomatal conductances by increasing boundary 

layer thickness under dry condition. 

According to Poorter et al. (2009), a large proportion of high-LMA 

species are of the desert, shrublands (defined as rather open vegetations with 

shrubs) and woodlands (defined as open vegetation with trees) where either 

drought or nutrient limitation or both strongly inhibit plants’ growth. 

Analyzing plant samples in large scale, Lamont et al. (2002) demonstrated the 

relationship between LMA and amount of rainfall. They highlighted that LMA 

was strongly negatively correlated with rainfall and positively correlated with 

leaf thickness.  

The value of LMA of Siberian elm also declined as annual 
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precipitation increased (p<0.0001). Under less than 300 mm annual 

precipitation, LMA showed higher values. The highest value of LMA (153.9 g 

cm-2) was shown in Wulanaodu where the area was fully covered with sand 

and annual precipitation was less than 400 mm (329 mm). The lowest value of 

LMA (108.3 g cm-2) was shown in Jeongseon where the annual precipitation 

was the highest (1,304 mm) (Figure 2.3B). This result can be explained that 

leaf of Siberian elm may have adapted to dry condition by denser leaf cell 

composition and higher effective photosynthetic performance with increasing 

LMA (Witkowski and Lamont, 1991; Castro-Díez et al., 2002; Wright et al., 

2001; Santiago et al., 2004; Schulze et al., 2006; Poorter et al., 2009).  
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Figure 2.3. A) Individual leaf size (cm2) and B) leaf mass per unit leaf area (g 

m-2, LMA) of U. pumila from Korea (Jeongseon, JS), China (Qingyuan, QI; 

Wulanaodu, WU), and Mongolia (Kokunhang, KK). Different letters on the 

error bars indicate significant differences according to Duncan’s multiple 

range tests at 5% level. The line indicates linear regression of LMA (g m-2) on 

average annual precipitation. The fitted regression equation is LMA=-0.0336 x 

precipitation +148.96 (r2=0.64, p<0.05). 
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2.3.2 Shape, size, density of stomata, and stomata area per leaf unit 

area of Siberian elm leaves 

 

 Stomata were present on the abaxial (lower) leaf surface of Siberian 

elm under the normal conditions, Jeongseon with the annual precipitation of 

1,304 mm (Figure 2.4A). Their shape is oval and measures 642.26 ~ 1050.72 

µm2 in diameter. No significant differences in stomatal morphology and 

stomatal size were observed between leaves of trees in Qingyuan growing 

under similar annual precipitation (Figure 2.4B and 2.5). There were no 

stomata on the adaxial (upper) leaf surface of the tree species (data not shown). 

The leaf stomata under the arid conditions, Kokunhang and Wulanaodu, were 

all similar in morphology to those under normal conditions, Jeongseon and 

Qingyuan (Figure 2.4C). Meanwhile, it was common to observe seemingly 

electron-dense stomatal pores on the leaf surface under the arid condition 

(Figure 2.4D). The stomatal pores under arid conditions, Kokunhang and 

Wulanaodu, appeared to be more deeply located relative to the epidermis than 

those under the normal conditions, Jeongseon and Qingyuan. 
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Figure 2.4. Field emission scanning electron microscopy of the leaves of U. 

pumila. (A) Leaves from Jeongseon (arrows indicate stomata on the leaf 

surface). (B) Leaves from Qingyuan. (C) Leaves from Kokunhang. (D) Leaves 

from Wulanaodu. The stomatal pores under arid conditions (arrowheads in C 

and D) appeared to be more deeply located relative to the epidermis than those 

under normal conditions. Bar = 20 µm.  

 

 Higher magnifications revealed the details of stomatal morphology 

(Figure 2.5A and 2.5B). The outer stomatal chamber was present beneath the 

abaxial leaf surface. In stomata of the Siberian trees under the arid conditions, 

Kokunhang and Wulanaodu, the formation of outer stomatal chambers was 

more pronounced in the z-axis dimension than that of the Siberian trees under 
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the normal conditions (Figure 2.5C and 2.5D). Figure 2.5 shows that guard 

cells and stomatal pores could be discernible within the stomatal chambers. 

 

 

Figure 2.5. Field emission scanning electron microscopy of U. pumila stomata. 

(A) Stoma from Jeongseon. (B) Stoma from Qingyuan. (C) Stoma from 

Kokunhang. (D) Stoma from Wulanaodu. Arrows indicate the sunken stomata 

on the leaf surface. Bar = 5 µm. 
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Figure 2.6. The average width and length of U. pumila stomata from Korea 

(Jeongseon, JS), China (Qingyuan, QI; Wulanaodu, WU), and Mongolia 

(Kokunhang, KK). Different letters on the error bars indicate significant 

differences according to Duncan’s multiple range tests at 5% level.  

 

 The stomatal size increased as the annual precipitation increased up 

to around 700 mm, but decreased at over 1,000 mm (Figure 2.6). No apparent 

relationship between the stomatal size and the annual precipitation. Leaves 

from Jeongseon had the highest stomatal density than those from other sites 

(Figure 2.7). The stomatal density increased as the annual precipitation 

increases (p<0.05).  
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Figure 2.7. The stomatal density of U. pumila along average annual 

precipitation gradients from the four sample sites. The fitted equation is 

stomatal density = 0.37 x precipitation + 147.93 (r2=0.76, p<0.0001). 

 

The stomatal density of Jeongseon, Qingyuan, Kokunhang, and 

Wulanaodu were 643 ± 26, 432 ± 26, 481 ± 24, and 400 ± 31 mm-2, 

respectively. With the highest stomatal density under the most watered 

condition, the change of stomatal density may imply the adaptation of Siberian 

elm to the drought stress gradient. Similar to Limber pine (Pinus flexilis James) 

which ranges in latitude from 33°N to 51°N in elevation from 870 m to 3,400 

m, the decrease in stomatal density with precipitation for Siberian elm 

suggests that conserving water may be more advantageous than facilitating 

carbon dioxide uptake for this species on dry sites (Herrera and Cuberos, 1990; 

Schoettle and Rochelle, 2000). Siberian elm exposed continuously to the arid 

conditions seems to improve water use efficiency by minimizing water loss. 
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Figure 2.8. The stomatal area per unit leaf area of U. pumila along average 

annual precipitation gradients from the four sample sites. The fitted equation 

is stomatal area = 0.37 x precipitation + 147.93 (r2=0.76, p<0.0001). 

 

 The stomata area per unit leaf area decreased as the annual 

precipitation decreased and it showed saturation from over 1,000 mm (Figure 

2.8).  Herrera and Cuberos (1990) observed that the percentage stomatal leaf 

area and maximum conductance have positive relationship and percentage 

transpiring area of the abaxial leaf surface of Triticum durum decreased under 

dry condition. In similar way, these stomatal characteristics can contribute to 

reduce water loss from Siberian elm leaf by controlling the stomata number 

and area. 
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2.3.3 Leaf surface roughness and depth of stomatal pore 

 

Three-dimensional surface topography of Pt-coated leaves could be 

revealed in scan areas by non-contact optical profiling (Figure 2.9A). Surface 

fluctuations in height profiles were evident by the color scale. Furthermore, it 

was feasible to resolve the vertical profiles of a stoma in the zoomed image 

(Figure 2.9B).  

The pore region in the center was clearly demarcated from the outer 

stomatal chamber. An arbitrary line profile analysis allowed the measurement 

of the stomatal pore depth (from epidermis to pore) (Figure 2.9C).  

 



33 

 

 

Figure 2.9. White light scanning interferometry of the stomata of U. pumila. 

(A) Two-dimensional surface plot (arrows indicate stomata). (B) Three-

dimensional surface plot of a stoma (line represents the arbitrary line profile 

analysis of the stoma). An arrow indicates the pore of the stomatal complex. 

(C) X-direction line profile of the stoma in (B). (the stomatal pore depth was 

measured from the image). 
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The mean stomatal pore depth ranged from around 1.8 µm to 3.0 µm. 

The leaves sampled from arid conditions, Wulanaodu and Kokunhang, 

appeared to have stomata with deeper pore depth than those sampled from 

under normal condition, Jeongseon and Qingyuan (Figure 2.10). 

 

Figure 2.10. The stomatal pore depth (µm) of U. pumila by White Light 

Scanning Interferometry. Different letters on the error bars indicate significant 

differences according to Duncan’s multiple range tests at 5% level.  

 

Figure 2.10 shows that the leaves of the Siberian elm trees under the 

arid conditions, Wulanaodu and Kokunhang, appeared to have stomata with 

deeper pore depth than those the Siberian elm trees under normal condition, 

Qingyuan. Similar results were obtained from the measurement of surface 

roughness. The highest surface roughness value (around 1 µm) was found in 

the stomata from Kokunhang (under arid conditions) than those from other 

sites (Figure 2.11). Higher levels of surface roughness were observed in RMS 

roughness than in average roughness for all of throughout the cases.  
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Figure 2.11. The surface roughness values of stomata of U. pumila. The 

average roughness and root-mean-squared (RMS) roughness measured from 

the line profiles of stomata. Different letters on the error bars indicate 

significant differences according to Duncan’s multiple range tests at 5% level 

of probability. 

 

The surface roughness analysis supports the increased stomatal pore 

depth under the arid conditions. Analysis of both the average surface 

roughness and RMS surface roughness showed higher levels of roughness 

values from the stomata under the arid conditions. That implies more 

fluctuations or deviations from the mean over the line profiles on the stomata 

than others, which is likely due to the increased stomatal pore depth. The 

higher values from the RMS surface roughness than the average surface 

roughness were ascertained as shown previously (Kim et al., 2010). 
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Vertical planes of the stomatal complexes could be revealed by the 

focused beam of Ga ions (Figure 2.12A). Pt layers deposited for protection 

layer were apparently bright on the leaf surface on EsB images. The pore 

appeared to be positioned near at the same level as the leaf epidermis of the 

Siberian elm trees under the normal conditions. In contrast, it was obvious that 

the difference in depth between the leaf epidermis and pore increased in the 

case of the Siberian elm trees under the arid conditions (Figure 2.12B).  

 

Figure 2.12. Focused Ion Beam-Field Emission Scanning Electron 

Microscopy of the stomata of U. pumila. (A) Stoma from Jeongseon. (B) 

Stoma from Kokunhang. Arrows indicate the stomatal pore depth on the 

vertical planes of stomatal complexes. Bar = 2 µm. 
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Significantly different levels of the stomatal pore depth were found 

between the leaves of the Siberian elm trees under normal conditions and 

those under the arid conditions (Figure 2.13). The stomatal pore depth under 

the normal conditions was around 3 µm but reached around 5 µm under the 

arid conditions. No significant differences were found in the stomatal pore 

depth within the same sites (p > 0.05). 

 

 

Figure 2.13. The stomatal pore depth (µm) of U. pumila by Focused Ion 

Beam-Field Emission Scanning Electron Microscopy. Different letters on the 

error bars indicate significant differences according to Duncan’s multiple 

range tests at 5% level.  

 

This study provided experimental evidences for the adaptive 

responses of leaf stomata to drought stress in Siberian elm by complementary 

microscopy. It was found that naturally reducing water supply in the forest 
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stand could cause an alteration of stomatal architecture of Siberian elm. The 

most striking differences between the stomata under the normal conditions and 

those under the arid conditions were found in the pore position of stomatal 

complexes. The stomata under the arid conditions were mainly characterized 

by the more sunken stomatal pores and the pronounced outer stomatal 

chambers. These architectural characteristics were unraveled by FESEM, 

WLSI, and FIB-FESEM. Qualitative features of sunken stomatal pores were 

visualized by FESEM where a coaxial in-lens imaging provided a clue to 

further address the differences between the two types of stomata. Secondary 

electron imaging using a coaxial in-lens annular type detector surely improved 

the resolution of indented regions that faded away from a lateral below-lens 

detector (Kim and Jaksch, 2009). 

 In addition, quantitative aspects of stomatal architecture were 

analyzed by WLSI and FIB-FESEM. As a non-destructive optical scanning 

method, WLSI enabled plotting of the leaf surface topography. Although Pt-

coated leaves for FESEM were scanned for WLSI in this study, the light 

reflection from the uncoated raw leaf materials was sufficient to generate 

three-dimensional surface plot (data not shown), as shown previously (Kim et 

al., 2011). It is possible that the measurements of stomatal pore depth of 

Siberian elm trees by WLSI may overall reflect the drought stress gradients. 

 To measure the vertical dimension of the leaf stomatal complexes, 

leaf specimens are conventionally embedded in media, sectioned with a 



39 

 

microtome, stained with dye, and observed by light microscopy (Seymour, 

2001). The focused beam of Ga ions by FIB-FESEM was effective to expose 

the vertical profiles of leaf surface with indiscernible surface beam damage, 

alleviating the specimen preparations such as resin infiltration and embedding. 

EsB imaging was sufficient to resolve the vertical profiles of leaf surface, 

based on the compositional contrast of each layer (Kim and Jaksch, 2009). 

The increase in the stomatal pore depth of the Siberian elm trees sampled from 

the four sites measured by FIB-FESEM was in close agreement with the 

drought stress gradient of the sampled sites. Differences in stomatal pore 

depth between WLSI and FIB-FESEM might be attributed to several factors 

such as specimen orientation and spatial resolution of beam source.  

According to the tenets of general botany, it is quite natural that 

stomata under arid conditions have sunken stomatal pores (Sobrado and 

Medina, 1980; Rotondi et al., 2003). Such architectural characteristics may 

contribute to the shielding of stomata from the drying winds in the arid areas 

and keep the stomata less vulnerable to water loss than other types of stomata 

(Roth-Nebelsick, 2007). Sunken stomata are relatively common in 

scleromorphic leaves of plants on the nutrient-poor soils in the semi-arid 

climates (Grieve and Hellmuth, 1970; Sobrado and Medina, 1980). Due to 

their effects on boundary layer conductance, sunken stomata are assumed to 

reduce transpiration (Roth-Nebelsick, 2007). To our knowledge, this is the 

first report on the use of complementary microscopy to unravel the stomatal 
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adaptation to drought stress in plant specimens. Elucidation of triggering 

factors such as abscisic acid and thresholds of environmental pressure will 

enhance our understanding of the nature of adaptive phenotypic plasticity of 

tree species to drought stress (Arend et al., 2009). 

 

2.3.4 Variation on intrinsic water use efficiency (δ13C) 

 

In this study, the difference of δ13C between Qingyuan and 

Jeongseon where the annual precipitation are 730 mm and 1,304 mm, 

respectively, was around 2‰. The value on δ13C of Siberian elm increased as 

annual precipitation increased. The lowest value (-31.28‰) was found in 

Siberian elm leaves collected from Jeongseon in Korea where the annual 

precipitation is over 1,000 mm. The highest (-26.12‰) was in those collected 

from Kokunhang in Mongolia where the annual precipitation is the lowest 

(Figure 2.14).   
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Figure 2.14. Carbon isotope composition (‰, δ13C) of the U. pumila’s leaf 

samples taken from Korea (Jeongseon, JS), China (Qingyuan, QI; Wulanaodu, 

WU), and Mongolia (Kokunhang, KK). The error bar is one standard error. 

The line indicates regression of δ13C (‰) on annual precipitation (r2= 0.84). 

 

The ci/ca ratio of Siberian elm increased as annual precipitation 

increases (Figure 2.15). The higher value of ci/ca can be supported by the 

studies of Brodribb (1996) and Katul et al. (2000). They reported that dry 

tolerant species shows higher ci/ca. From this result, it can be inferred that the 

Siberian elm tree responded to dry condition by using intercellular CO2 by 

closing stomata. 
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Figure 2.15. The ci/ca ratio of U. pumila leaf samples taken from Korea 

(Jeongseon, JS), China (Qingyuan, QI; Wulanaodu, WU), and Mongolia 

(Kokunhang, KK) calculated with the formula δ13C= δ13Cair – 4.4 – (30 – 

4.4)(ci/ca) (Farquhar et al., 1989). The error bar is one standard error. 

 

In case of pine trees, δ13C showed variation as altitude changes 

(Hultine and Marshall, 2000). In this study, however, other factors including 

altitude and temperature (annual mean temperature, maximum, minimum 

temperature) showed no significant relationship with δ13C. So, the result 

showed no indication that δ13C of Siberian elm was affected by the above 

factors (data not shown).  

According to Bowling et al. (2002), δ13C shows strongly negative 

correlation with annual precipitation and positive correlation with vapor 

pressure deficit in the air (kPa, VPDair). VPDair can be obtained by the 

following formula:  



43 

 

VPDair (kPa) = VPsat-VPair 

= 0.361078 x exp (17.269 x T/(237.3+T))  

– VPsat x RH/100 

where VPsat is the saturation vapor pressure, VPair is the vapor pressure of the 

air, T and RH refer temperature and relative humidity in the air, respectively.  

 

Due to lack of data on relative humidity of the sampling sites, 

however, the impact of VPDair on δ13C was not able to figure out in this study. 

Annual mean temperature of Wulanaodu (6.6 ± 0.6 oC) was higher than 

Qingyuan (5.1 ± 0.5 oC) while the value of δ13C (-26.39 ± 0.35 ‰) is higher 

than that of Qingyuan (-28.65 ± 0.33‰). From this result, it can be assume 

that the VPDair of Wulanaodu is lower than Qingyuan with lower RH (%) 

(Bowling et al., 2002). Instead, the WUE is negatively correlated with the 

mean annual precipitation (Figure 2.15). This result can be supported by the 

study of Stewart et al. (1995) which found a strong relationship between the 

δ13C values (averaged for each site with 348 species from 12 plants) and the 

rainfall ranging from 350 to 1,700 mm per annum. 

According to the study of Schulze et al. (1998) conducted in the 

northern Australia, the value of ‘community-averaged’ carbon isotope 

discrimination (Δ) remained constant between 1,800 and 450 mm rainfall, and 

a decrease was observed only under the drier conditions. In contrast to, δ13C of 

Siberian elm decreased as rainfall increased from 200 to 1,300 mm. It is 
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interesting to note that δ13C ranged 2.53~3‰ at all of the annual precipitation 

in this study.  

Savage and Cavender-Bares (2011) demonstrated that among willow 

species habitat, the generalists showed lower minimum stomatal conductance 

and greater WUE than the wetland specialists. In the similar manner, the value 

on foliar δ13C becomes less negative along a gradient of decreasing moisture 

availability due to increasing stomatal closure. Therefore this result may 

indicate that δ13C of Siberian elm leaf samples from dry areas showed higher 

iWUE than that from humid areas such as Jeongseon in Korea. 

 

2.3.5 Variation on foliar total N concentration 

 

In the previous study of Schulze et al. (1998), foliar total N 

concentration increased with higher annual precipitation level. Because of the 

coordinated responses of all photosynthetic processes, any environmental 

stress that reduces photosynthesis will reduce both the diffusion and the 

biochemical components. In this study, foliar N concentration showed 

statistical differences among site, sites with higher precipitation, JS and QI 

had the higher N concentration values (3.03 ± 0.14 % and 3.14 ± 0.31 %, 

respectively) than WU and KK (2.37 ± 0.03 % and 2.51 ± 0.07, respectively) 

where the annual precipitation is less than 330 mm (Figure 2.16, p=0.0057).  
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Figure 2.16. Differences in leaf mass-based N concentration (Nmass) of the 

samples taken from Korea (Jeongseon, JS), China (Qingyuan, QI; Wulanaodu, 

WU), and Mongolia (Kokunhang, KK). Different letters on the error bars 

indicate significant differences according to Duncan's multiple range tests at 5% 

level of probability.  

 

2.3.6 Relationships among leaf physiological and morphological 

characteristics of Siberian elm  

 

The δ13C, which indicates long-term water use efficiency, showed 

positive correlation with LMA while negative correlation with the stomatal 

density, the stomatal area per leaf unit area and the pore depth of stomata 

(Table 2.2). As previously described, the more negative δ13C means higher 

iWUE resulted from increased ci/ca by facilitated gas exchange through 

stomata and/or mesophyll cell. That is, iWUE of Siberian elm is high as LMA 

increases while the stomatal density and the stomatal area per leaf unit area 
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decrease.  

Zhao et al. (2007) found significant correlation between the total N 

concentration and the carbon isotope discrimination with Caragana 

korshinskii but no significant correlation in Artemisia ordosica. This implied 

that as WUE increased, N concentration decreased in C. korshinskii. In this 

study, however, similar with A. ordosica, correlation between Nmass and δ13C 

of Siberian elm was not significant at 0.05 probability. As Choi et al. (2005) 

mentioned, this lack of significant relationship between leaf δ13C and N 

concentrations indicates that N deficiency is not the first limiting factor for 

growth in Siberian elm (Table 2.2).  

The stomatal conductance with sunken pore is lower than leaf with 

shallow pore (Roth-Nebelsick, 2007). As predicted on the basis of known 

correlations between the plant gas exchange capacity and the leaf nitrogen 

concentration (%), the observed correlation between the stomata area per leaf 

unit area and the pore depth may be accompanied by positive correlation 

between the nitrogen concentration and the stomata area per leaf unit area and 

negative correlation between the nitrogen concentration and the pore depth 

(Franks et al., 2009). 

Reich et al. (1997) revealed a strong positive correlation between 

SLA (inverse of LMA) and foliar N concentration with 111 species from six 

biomes. The greater leaf thickness and low N concentrations per unit leaf mass 

result in low rate of photosynthesis on a leaf-mass basis in long-lived leaves 
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(Lambers et al., 2008). Sparks and Ehleringer (1997) and Ripullone et al. 

(2004) suggested that the increase in δ13C with increasing foliar N 

concentration reflects a positive effect of high N availability on photosynthetic 

rate. They mentioned that the entire photosynthetic process was down-

regulated under conditions of N limited condition, with declines in Rubisco, 

chlorophyll, and stomatal conductance. The net effect of this coordinated 

response of all photosynthetic components was that ci/ca and δ13C showed no 

consistent relationship with leaf N (Rundel and Sharifi, 1993). Schulze et al. 

(1998) observed a significant increase of SLA and N concentration with 

rainfall in evergreen sclerophylls.  

With data from Davies et al. (1973), stomatal density and stomata 

length of various woody plants showed negative relationship (Figure 2.16B, 

r2=0.33, p<0.001). The results of Venora and Calcagno (1991) also supported 

that frequency of stomata and stomatal size showed negative relationship 

along regions’ rainfall gradient. The recent studies conducted with Arabidopsis 

or Eucalyptus globulus showed that a strong negative correlation between 

stomatal size and stomatal density suggesting that factors that control stomatal 

density also affected stomatal size under different water supply (Franks et al., 

2009; Doheny-Adams et al., 2012). Similarly, inter-specific variation on 

stomata size obtained by multiplying stomata length with stomata width and 

stomatal density of Siberian elm showed negative relationships (Figure 2.17A, 

r2=0.26, p<0.001). 
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The stomatal pore depth showed negative correlation with the 

stomatal density. From this result, it can be inferred that Siberian elm adapted 

to water deficient condition with increasing iWUE by reducing stomatal 

density, stomatal area per leaf unit area, increasing LMA and depth of stomatal 

pore.
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Table 2.2 Pearson’s correlation matrix for the relationship between leaf physiological and morphological characteristics of U. 

pumila 

 
* - significant at 5% level, **- significant at 1% level, ns- not significant at 5% level 
δ13C - carbon isotope composition, Nmass- leaf mass-based N concentration, LMA- leaf mass per unit leaf area, SD- 
stomata density, ST.SIZE- stomata size, ST/LF- stomata area per leaf unit area, P.DEPTH- pore depth

Variables δ13C Nmass LMA SD ST. SIZE ST/LF 

Nmass -0.384 ns  
    

LMA 0.650** -0.320 ns 
    

SD -0.790** 0.340 ns -0.437* 
   

ST. SIZE 0.322ns 0.229 ns -0.009 ns -0.507** 
  

ST/LF -0.707** 0.490** -0.490* 0.878** -0.050 ns 
 

P.DEPTH 0.762** -0.660** -0.655 ** -0.689* * -0.147ns -0.874 ** 
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Figure 2.17. Linear regression of the stomatal density on the stomatal size 

(stomata length x width) of U. pumila (A), and the stomatal density on the 

stomata length (μm) of various woody plants (B) including Acer saccharinum 

and 18 species. Graph (B) is cited from Davies et al. (1973). 

 

As a result of factor analysis, F1 and F2 were gained as new axes 

(Figure 2.18A and 2.18C). F1 was strongly defined by stomatal size while F2 

was defined by other factors including stomatal density, stomatal area per leaf 

unit area, pore depth of stomata, LMA and leaf δ13C. Table 2.2 shows the 

factor analysis revealing that pore depth, LMA, and δ13C are closely related 

with each other (Figure 2.18B).  
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The four sites, Jeongseon (JS), Qinyuan (QI), Wulanaodu (WU), and 

Kokunhang (KK), were separately grouped by axes F1 and F2 (Figure 2.18B). 

The stomatal density and the stomatal area per leaf unit area of JS and QI 

were higher than other two drier sties (WU and KK). Hultine and Marshall 

(2000) reported that LMA and water use efficiency, obtained by analyzing 

δ13C, were strongly related with each other.  
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Figure 2.18. Factor analysis with stomata density (SD), the stomata area per 

leaf unit area (ST/LF), the stomata size (ST.SIZE), the carbon isotope 

composition (δ13C), the leaf mass-based N concentration (Nmass), the leaf mass 

per unit leaf area (LMA), and the pore depth (P.DEPTH) of Siberian elm (A and 

B) and Eigenvalue (C). ■-JS, ●-QI, △-WU, ◇-KK. 
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2.4 Conclusion 

 

The mature Siberian elm trees have significant variation in iWUE, 

LMA and the pore depth of stomata along the annual precipitation gradient. 

As the annual precipitation decreased, iWUE and LMA increased. Field 

Emission Scanning Electron Microscopy revealed oval-shaped stomata on the 

lower surface, and they ranged from 640 to 1,050 μm2 in size. The stomatal 

area per leaf unit area decreased as the annual precipitation decreased. In-lens 

Secondary Electron Imaging by a Coaxial Annular Type Detector showed 

differences in electron density and the stomatal pore depth (from epidermis to 

pore) between the two types of stomata. Line profile analysis by White Light 

Scanning Interferometry allowed for the measurement of the stomatal 

dimension. The stomata under the arid conditions appeared to have higher 

levels of the stomatal pore depth than ones under the normal conditions, 

Jeongseon and Qingyuan. Analysis of the average surface roughness and the 

root mean square (RMS) surface roughness showed higher levels of roughness 

from the stomata of the trees under the arid conditions. Focused Ion Beam-

field Emission Electron Microscopy supported the increased stomatal pore 

depth (3.02 to 5.21 μm) with the decreasing annual precipitation gradient 

(1,304 to 235 mm). The stomatal size and density showed negative 

relationship. Stomatal area per leaf unit area decreased as the annual 

precipitation decreased.  

From these results it could be inferred that Siberian elm tree has 

adapted in the arid condition by increasing WUE and LMA. Findings of this 
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study indicate that the stomatal architecture, density and area per leaf unit area 

could be plastic to drought stress in Siberian elm leaves. This means that the 

stomatal pore positions could be altered to maintain the water use efficiency 

to survive under adverse conditions.  
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Chapter 3. Physiological characteristics of Siberian elm seedlings grown 

in the greenhouse and open field nursery in Dambadarjaa, Mongolia 

 

3.1  Introduction 

 

Growing seedlings in the nursery is necessary for rehabilitating the 

degraded arid and semi-arid areas. Growing conditions in the nursery 

critically affect seedlings’ health. In Mongolia, to produce seedlings for 

rehabilitation, two main nursery systems were induced, one is greenhouse and 

the other is open field nursery. Especially, the greenhouse helps to keep the 

moisture from evaporating while the open field nursery is fully exposed to 

solar energy. Therefore, the open field nursery is much drier than greenhouse.  

Siberian elm seedlings are rarely found and seedlings’ age is difficult 

to be determined in the field areas. Hence, investigating seedlings grown in 

two different conditions, greenhouse and open field nursery can contribute to 

the understanding of Siberian elm’s morphological and physiological adaptive 

strategy to dry condition at seedling level.  

Osmotic potential (ψ) represents the potential ability of plants to 

absorb water from environments, which is an important indicator of drought 

tolerance (Morgan, 1984; Sperry, 2000; Liu et al., 2003). For both young and 

mature trees, osmotic water potential may partition species survival and 

mortality, and can be an effective approach to model plant survival and 

mortality under future climate conditions (Dulamsuren et al., 2004; McDowell 

et al., 2008). 
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Photosynthesis is the process in which light energy is used to reduce 

CO2 to organic compounds. It occurs in the chloroplasts in higher plants and 

algae (Lambers et al., 2008). In photosynthesis, leaves play a crucial role in 

growth and development of woody plants because they are the principal 

photosynthetic organs. Changes in photosynthetic activity caused by the 

environmental changes eventually will influence growth of vegetative and 

reproductive tissues. On the other hand, transpiration (E) brings water loss 

from leaves due to evaporation from within a leaf (Lambers et al., 2008). It 

controls the rate of absorption and the ascent of sap and causes almost daily 

leaf water deficits (Kozlowski and Pallardy, 1997). It is mostly affected by 

plant factors such as leaf structure and exposure and, the responses of stomata 

(Kramer, 1983; Kramer and Boyer, 1995). The driving force behind E is 

atmospheric demand. Actual values of E can be limited by soil water 

availability (Nadezhdina et al., 2007). 

Stomatal conductance (gs), on the other hand, has been 

experimentally shown related to net CO2 assimilation rate, environmental 

vapor pressure deficit (VPD), soil water stress and intercellular CO2 

concentration (Gao et al., 2002). Stomatal responses to water availability in 

the soil, leaf and atmosphere are highly interactive. As soil water decreases, gs 

also decrease at any particular level of evaporative demand (Bond and 

Kavanagh, 1999).  

Water use efficiency (WUE) is one of the main physiological factors 

that can explain plant responses to abiotic influence especially to water 

deficient condition (Chaves et al., 2004). WUE of crop plant is usually 
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investigated by calculating the ratio of the total biomass and the amount of 

water supplied. For instantaneous WUE, values can be obtained by dividing 

the net photosynthesis rate with the transpiration rate (Pn/E) which is 

measured using chamber (Farquhar et al., 1982). Infrared gas analysis 

(IRGA)-derived measurement of WUE shows only short term responses to the 

immediate condition (Lajtha and Marshall, 1994) whereas from the intrinsic 

water use efficiency (iWUE), the long term strategy of plant responses to the 

environmental condition can be explained.  

This study aimed to investigate variation on growth, LMA, shoot 

water potential and photosynthetic characteristics of Siberian seedlings grown 

under the two different water conditions, the greenhouse and the open field 

nursery to see how seedlings under different water conditions develop their 

adaptive strategies. 

 

 

3.2 Material and Methods 

 

3.2.1 Study site and plant materials 

 

 This experiment was conducted in the greenhouse and the open field 

nursery at Dambadarjaa Nursery (N47°59'15",  E106°57'31' '), Forest 

Experimental Station of the Institute of Geoecology, Mongolian Academy of 

Sciences (Table 3.1). 
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Table 3.1 The climatic characteristics of Dambadarjaa Nursery in Mongolia  

Year Months 
Average  

air temperature (℃) 

Total 
 precipitation 

(mm) 

Average relative 
humidity 

 in the air (%) 

2007 

May 
June 
July 
Aug 
Sep 

11.6 
18.6 
21.5 
18.0 
12.3 

13.6 
24.6 
28.6 
67.0 
0.6 

54 
53 
51 
62 
55 

2008 

May 
June 
July 
Aug 
Sep 

7.8 
16.8 
19.5 
17.4 
10.5 

14.4 
81.4 
61.9 
42.8 
15.6 

44 
50 
55 
53 
55 

2009 

May 
June 
July 
Aug 
Sep 

11.4 
16.0 
18.6 
15.8 
9.3 

39.9 
36.9 

115.1 
40.2 
16.2 

45 
51 
61 
64 
57 

2010 May 11.6 29.9 44 

 

 

 The microclimate had been monitored in June 2010 using HOBO 

(Onset Computer Corporation, Bourne, Massachusetts, USA) located in the 

greenhouse and in the open field nursery. Data on relative humidity in the air 

(RH) and temperature were logged (Figure 3.1A and 3.1B). RH was at the 

highest (71~74%) at dawn and lowest at midday (27~30%) in the greenhouse. 

In the open field nursery, the highest RH was 74 ~80% at dawn and the lowest 

was 19~23% at midday. 
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Figure 3.1. Diurnal variation on temperature (℃) and relative humidity (%) in 

the air measured in the greenhouse (A) and the open field nursery (B) on July 

6, 2010. 

 

Vapor pressure deficit (VPD, kPa) was obtained by calculating 

difference between the computed saturation vapor pressure from the 

temperature and measured RH.  

VPDair of the open field nursery was higher than that of the 

greenhouse in overall especially during the midday when the temperature is 

high and RH is low (Figure 3.2). SWC showed critical differences. Ranges of 

SWC were from 10.1 to 20.8% and from 0.2 to 8.8% in the greenhouse and 

the open field nursery, respectively. 

0

10

20

30

40

50

60

70

80

0

5

10

15

20

25

30

35

40

R
H

(%
)

A
ir

 t
em

pe
ra

tu
re

(°
C

)

0

10

20

30

40

50

60

70

80

0

5

10

15

20

25

30

35

40

3:00 7:00 11:00 15:00 19:00 23:00

R
H

 (
%

)

A
ir

 t
em

p
er

at
u

re
 (
°C

)

Air temperature (°C)
RH(%)

3:00 7:00 11:00 15:00 19:00 23:00

A 

B 



60 

 

Time

  00:00:00   08:00:00   16:00:00   00:00:00

V
P

D
 (

k
P

a)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
Openfield nursery
Greenhouse nursery

 
Figure 3.2. Diurnal variation in the vapor pressure deficit in the air (kPa, 

VPDair) measured in the greenhouse and the open field nursery on July 6, 

2010. 

 

3.2.2 Growth and slenderness of seedlings 

 

Seeds of Siberian elm collected from the open pollinated tree in 

Zaisan, Mongolia were sown in the greenhouse and open field nursery at 

Dambadarjaa Nursery in 2007 and 2009. Shoot length and root collar diameter 

(RCD) of seedlings in the greenhouse and the open field nursery were 

measured every 15 days from June to September 2010 using ruler and vernier 

calipers (Figure 3.3). Values of slenderness of seedlings were obtained by 

dividing shoot length by RCD. 
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Figure 3.3. The four-year-old U. pumila in the greenhouse (A) and the open 

field nursery of Dambadarjaa Nursery, Mongolia. 

 

3.2.3 LMA  

 

Ten (10) sun leaves were collected from five (5) seedlings per nursery 

type and their LMA was obtained with the same method as Chapter 2.  

 

3.2.4 Shoot water potential 

 

 The shoot water potential (Ψ) of seedlings was measured from pre-

dawn throughout the day on three bright, sunny days in July. For three days, 

the two-year-old stems were taken about knee height from each species every 

two hours. Five (5) samples from each species were taken at each sampling 

time. Stems 13–15 cm in length (≤ 0.8 cm diameter) were taken and Ψ 

measured immediately using a Scholander pressure chamber (PMS 600, PMS 

Instruments, Corvallis, Oregon). 

B A 
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3.2.5 Photosynthetic characteristics 

 

 Photosynthesis and transpiration rate of the four-year-old seedlings 

were measured from pre-dawn throughout the day on three bright, sunny day 

in July. The light-saturated net photosynthetic rate (PN) was measured with 

Licor-6400 portable photosynthesis system (Li-cor Inc., USA) during the day 

time in July 2008. Air flow through the analyzer was adjusted to maintain leaf 

temperature at 20˚C and relative humidity near ambient levels (ranging from 

35~40%) during the measurements. Each measurement of PN and E was taken 

at 1,800 µmol m-2s-1 as an average light intensity during the day time. The net 

photosynthesis was calculated as follows: 

PN =
  (  −   )

100S
−     

where: PN: Net photosynthesis (μmol CO2 m
-2 s-1); Ue: mole flow rate of air 

entering the leaf chamber (μmol s-1); Ce: mole fraction of CO2 in the leaf 

chamber (ìmol CO2 mol-1 air); Cc: mole fraction of CO2 entering in the leaf 

chamber (μmol CO2 mol-1 air); s: leaf area (cm2); E: transpiration (mmol H2O 

m-2s-1). 

 The transpiration rate (E, mmol H2O m-2s-1) was assessed together 

with PN using Licor-6400 Portable Photosynthesis System (Li-Cor Inc., NE, 

USA). Instantaneous WUE was calculated by dividing the photosynthetic rate 

by the transpiration rate (WUE=PN/E). Each measurement of the net 

photosynthesis and transpiration rate was taken at 1,800 μmol m-2 s-1 light 

intensity. 
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3.2.6 Statistical analysis 

 

One-way analysis of variance (ANOVA) was used to test the 

differences among and between the investigated parameters. Duncan’s 

Multiple Range Test (DMRT) was used for examining the ranking order of the 

investigated parameters between seedlings grown in different conditions. 

Statistical analyses were performed using SPSS (version 16.0), SAS (version 

9.3, SAS Institute, Cary, NC) and XSTAT (version 1.1, John Wiley & Sons, 

Inc., New York, USA). 

 

 

3.3 Results and Discussion 

 

3.3.1 Growth characteristics 

 

At the same age level, higher values on shoot length were shown by 

Siberian elm seedlings grown in the greenhouse. Both shoot length and root 

collar diameter of the four-year-old Siberian elm seedlings were higher than 

two-year-old seedlings grown in the greenhouse and the open field nursery 

(p<0.05, Figure 3.4).  
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Figure 3.4. The shoot length (A and B) and the root collar diameter (C and D) 

of the two- and four-year-old U. pumila seedlings grown in the greenhouse 

and the open field nursery. Different letters on the error bars indicate 

significant differences according to Duncan’s multiple range tests at 5% level 

of probability. The letters are the rank order from highest to lowest value 

(alphabetically).  

 

At the same age, significantly higher slenderness was shown by the 

Siberian elm seedlings grown in greenhouse than in open field nursery 

(p<0.05, Figure 3.5). According to Simpson and Ritchie (1997), the ability of 

seedling vigor to predict field performance can be low when planting site 

conditions are mild. Trubat et al. (2010) revealed that the survival ratio of 

Quercus suber seedling partly increased at lower slenderness. From this result, 
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it can be inferred that Siberian elm seedlings grown in the open field nursery 

can possess higher tolerance against stress condition than those grown in 

greenhouse as observed by Wennström et al. (2002). From this result, it can be 

considered that between the two-year-old and four-year-old seedlings, the 

shoot length differences were higher than root collar diameter. As Cheng et al. 

(2011) stated, the slenderness of seedlings can be an indicator for the survival 

and growth performance potential of seedlings.  
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Figure 3.5. The slenderness of the two-year-old (A) and the four-year-old (B) 

U. pumila seedlings obtained by dividing shoot length to root collar diameter. 

2G, 2O, 4G and 4O indicate two-year-old (2) and the four-year-old (4) 

seedling in the open field nursery (O) and the greenhouse (G), respectively. 

Different letters on the error bars indicate significant differences according to 

Duncan’s multiple range tests at 5% level of probability. The letters are the 

rank order from highest to lowest value (alphabetically). 
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3.3.2 LMA  

 

The values on leaf size of the two- and the four-year-old Siberian 

elm seedlings in open field nursery (2.6 to 2.8 cm2 and 2.1 to 2.3 cm2, 

respectively) were smaller than that of the greenhouse (12.7 to 14.1 cm2 and 

11.7 to 12.7 cm2, respectively). In contrast, LMA of the two- and the four-

year-old seedlings in the open field nursery (4.9 to 8.3 mg cm-2 and 5.8 to 6.4 

mg cm-2) were higher than that of the greenhouse (1.6 to 2.2 mg cm-2 and 4.3 

to 4.5 mg cm-2) (Figure 3.6).   
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Figure 3.6. The leaf size (A and B, cm2) and the leaf mass per unit leaf area (C 

and D, mg cm-2) of the two- and four-year-old U. pumila seedlings grown in 

the greenhouse and the open field nursery. Different letters on the error bars 

indicate significant differences according to Duncan’s multiple range tests at 

5 % level of probability. The letters are the rank order from highest to lowest 

value (alphabetically).  
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3.3.3 Diurnal variation in shoot water potential, net photosynthesis, 

transpiration rate, and water use efficiency 

 

The values on shoot water potential of the Siberian elm seedlings 

showed a parabola-shaped graph. The values decreased from the dawn to the 

midday and increased again till the night time. This tendency can be explained 

with the diurnal variation in the relative humidity in the air. As relative 

humidity in the air decreased, the value on shoot water potential decreased. 

Among the seedlings grown in the greenhouse, even at different ages, the 

values on shoot water potential showed no significant differences during  the 

midday and the evening time except at 16:00.  

The lowest value on shoot water potential was shown by the four-

year-old Siberian elm seedlings grown in the open field nursery followed by 

the two-year-old seedlings in the open field nursery. The shoot water potential 

of seedlings grown in the greenhouse was higher than the seedlings in the 

open field nursery even for the four-year-old seedlings. Exceptionally, the 

value of shoot water potential of two-year-old seedlings in the open field 

nursery and those in the greenhouse were overlapped at 12:00 and 14:00, 

when the VPDair is at the highest during the measurement. However, the 

ranges of each seedling’s shoot potential were different at 14:00; 15 ~ 16 MPa, 

12.5 ~ 18 MPa, and 13 ~ 18 MPa in two-year-old, four-year-old in the 

greenhouse, and the two-year-old in the open field nursery, respectively 

(Figure 3.7). 
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Figure 3.7. Diurnal variation in the shoot water potential of the two-year-old 

and the four-year-old U. pumila seedlings grown in the greenhouse and the 

open field nursery. The bar indicates the standard error. 

 

From these results, the adaptation strategy of the Siberian elm 

seedlings grown under dry condition can be explained that when exposed to 

drier condition, shoot water potential increases to absorb water more 

efficiently. Comparing to the humid conditions such as in the greenhouse, the 

differences on the shoot water potential between the two-year-old and the 

four-year-old seedlings were higher in the water-limited condition as in the 

open field nursery. Figure 3.8 shows the decreasing shoot water potential as 

the stomatal conductance declines. These differences of the shoot water 

potential values between two different growing conditions can be caused by 

both the environmental factor and the xylem structural characteristics of the 

seedlings. That is in water deficient condition, as variation in the water 

potential gradient from the soil to the air occurs, the shoot water potential can 

be decreased. However, despite of the results at the same growing condition, 
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especially in the open field nursery,  the value on shoot water potential 

between two age levels showed significant differences (p<0.05). Considering 

these results, Sperry (1986) and Lovisolo and Schubert (1998) mentioned that 

there could be a possibility of xylem structural development or vessel size 

difference between two- and four-year-old seedlings. 

VPDair (kPa)

0 1 2 3 4 5

S
h

o
ot

 w
at

er
 p

ot
en

ti
a

l 
(M

P
a

)

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

A

y = -0.03-0.21x, r2=0.29 (p<0.05)

 

VPDair (kPa)

0 1 2 3 4 5

S
h

o
ot

 w
at

er
 p

o
te

n
ti

a
l 

(M
P

a
)

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

B

y = -1.69 - 0.25x, r2=0.35 (p<0.05)

 
Figure 3.8. Diurnal variation in the shoot water potential of the two-year-old 

(A) and the four-year-old (B) U. pumila seedlings grown in the greenhouse 

(closed circle) and open field nursery (open circle). 
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The diurnal variation on the net photosynthesis rate of the seedlings 

grown in the greenhouse shows almost ‘M’ shape graph (Figure 3.9A and 

3.10A). However, transpiration rate of seedlings grown in the greenhouse 

shows inversed ‘U’ shape graph (Figure 3.9B and 3.10B). Both the values in 

the net photosynthesis rate and the transpiration rate of the seedlings grown in 

the greenhouse were higher than in the open field nursery. 

 

  
 

Figure 3.9. Diurnal variation in the net photosynthesis (A), the transpiration 

rate (B), the stomatal conductance (C), and the water use efficiency (D) of the 

four-year-old U. pumila seedlings grown in the greenhouse and the open field 

nursery. 

 

Water use efficiency, however, showed higher values in seedlings 

grown in the open field nursery (Figure 3.9D and 3.10D). This indicates that 

Siberian elm developed higher water use efficiency under dry condition in the 

open field nursery by reducing transpiration rate. 
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As Jacobs et al. (2009) revealed, seedlings’ physiological responses, 

such as reduced net photosynthesis, transpiration rate, stomatal conductance, 

and shoot water potential implicate water stress of seedlings. 

Water deficits may decrease PN directly by affecting the metabolic 

and photochemical process in the leaf or indirectly through stomatal closure 

leading to a pause of leaf growth and consequent decreased leaf area of 

Siberian elm seedlings grown in the open field nursery (Blake, 1977; 

Grossnickle, 1988; Sperry, 2000).  
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Figure 3.10. Regression of net photosynthesis (A), the transpiration rate (B), 

the stomatal conductance (C), and the water use efficiency (D) of the four-

year-old U. pumila seedlings by VPDair grown in the greenhouse (closed circle) 

and the open field nursery (open circle). 
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It is known that VPDair contributes to the photosynthetic process of 

the plant. But in this study, especially for the four-year-old Siberian elm 

seedlings grown in the greenhouse, the r2 value on PN, E, gS, and WUE by 

VPD were lower (Figure 3.11). This can be explained by the characteristics on 

the shoot water potential value (Figure 3.11B). The shoot water potential of 

the four-year-old seedlings in the greenhouse was not affected by the VPDair 

variation. It was mainly due to the critical differences of SWC (%) between 

the greenhouse (around 20%) and the open field nursery (less than 10%). 

 

 

Figure 3.11. Regression of the net photosynthesis (A), the transpiration rate (B) 

and the water use efficiency (C) on the stomatal conductance (gc) of the four-

year-old U. pumila seedlings grown in the greenhouse (closed circle) and the 

open field nursery (open circle). 
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Overall, the range of gc indicates that total conductance was critically 

narrow in the open field nursery than the greenhouse seedlings. As gc 

increases PN and the transpiration rate increased. Similar to Hubbard et al. 

(2001), therefore, WUE value was dramatically higher in the open field 

nursery while WUE of the seedlings in the greenhouse saturated over all range 

of gc (Figure 3.11C).  

The lower values of the transpiration rate and the stomatal 

conductance of four-year-old Siberian elm seedlings were shown by the 

seedlings grown in the open field nursery where water was deficient. In 

contrast, both the water availability inferred from the shoot water potential 

and the water use efficiency was higher than the seedlings grown in water 

sufficient condition.  

 

 

3.4 Conclusion 

 

Siberian elm seedlings seem to reduce water loss on leaf surface with 

increasing boundary layer conductance by minimizing the leaf size and 

increasing LMA. From the result of shoot water potential, the adaptation 

strategy of Siberian elm seedlings grown under dry condition explained that 

when exposed to drier condition, shoot water potential increases to absorb 

water more efficiently. With the data on photosynthetic characteristics of the 

four-year-old Siberian elm seedling, it can be inferred that the Siberian elm 

grown in the open field nursery has adapted in the water deficient 
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environment by reducing gc, transpiration rate and improving the strength 

absorbing water to shoot.  
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Chapter 4. Response of two-year-old Siberian elm seedlings to soil type, 

fertilization and watering regimes 

 

4.1 Introduction 

 

The establishment of forest plantations in areas subjected to seasonal 

drought is strongly limited by water availability. When irrigation is not 

feasible, plantation success can be greatly dependent upon seedling 

morphological and functional attributes (Trubat et al., 2010). Even though the 

rehabilitation success is low in an arid area (Tsogtbaatar, 2007), in case of the 

survived Siberian elm seedlings at the early stage after transplanting, the 

survival ratio would increase (Dulamsuren et al., 2009a). Therefore, survival 

of seedlings at the early stage could critically affect the success of 

rehabilitation in an arid area (Tsogtbaatar, 2007). Growth and photosynthetic 

performance of seedlings at the nursery affect the survival potential after 

transplanting in the open field (Trubat et al., 2010). Raising healthy seedlings 

showing good performance in growth and photosynthetic factors is critically 

important for successful rehabilitation of arid areas such Mongolia. 

Gas exchanges and photosynthetic characteristics including 

photosynthesis, transpiration rate, and stomatal conductance are closely 

related with survival and maintenance of plant (Ni and Pallardy, 1991).  

Consideration on the growth characteristics of seedlings from root to leaf as 

well as its physiological characteristics under different water conditions is 

necessary to understand the species adaptation strategy at seedling level 
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(Lamb and Tomlinson, 1994; Dong et al., 2011; Soliveres et al., 2012).  

As commonly known, growth and physiological characteristics of 

seedlings can be affected by soil type of seedbed, nutrient supply and 

watering patterns. Especially, Luis et al. (2009) mentioned that fertilization in 

nursery enhances survival ratio in the field. Growth characteristics can be 

explained by root collar diameter (RCD) and shoot length. Among biomass 

accumulation characteristics, RS ratio which was obtained by dividing root 

biomass by shoot biomass can indicate the portion of root biomass (Lloret et 

al., 1999). 

This study aimed to investigate the growth and photosynthetic 

characteristics of Siberian elm seedlings under different soil types, watering 

interval and fertilization supply. 

 

 

4.2 Materials and Methods 

 

4.2.1 Seed and seedling materials 

 

 Seeds of Siberian elm were collected from the open pollinated tree 

(height: 5 m, DBH: 27 cm) in Zaisan Mongolia in 2007. Seeds were examined 

for its germination rate and seed viability by soft X-ray was conducted 

according to International Rules for Seed Testing (ISTA, 2003). Seed purity 

was 64% and 35.4% of the seedlings germinated. 
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4.2.2 Experimental site 

 

Seeds were sown in the greenhouse at the Dambadarjaa Nursery (N 

47°59'15", E 106°57'31''), Forest Experimental Station of the Institute of 

Geoecology, Mongolian Academy of Sciences in 2007. Climate was 

continental with hot and dry summers and cold winters. The mean maximum 

and minimum temperature at the nursery was of -1.1˚C and 39˚C, respectively, 

while the absolute maximum temperature was up to 43˚C. 

 After one year, 180 seedlings with similar height were selected and 

transplanted into plastic pots filled with three soil types (60 seedlings per each 

soil): washed river sand, mixed soil (50% sand, 50% nursery), and nursery 

soil in the middle of May. Seedlings were watered every three days with 

modified half-strength Hoagland’s nutrient solution until they become 

stabilized. After 15 days, three different irrigations (every 3 days, 7 days and 

15 days) and two fertilization treatments (fertilization, non-fertilization) with 

modified half-strength Hoagland’s nutrient solution were applied to the 

seedlings.  

 

4.2.3 Measurement of mortality and morphological characteristics 

 

During the experiment period (May to September in 2008), the 

number of dead seedlings was counted. Mortality ratio was calculated by 

dividing number of dead seedlings with the total number of seedlings per 

treatment. The shoot length and the root collar diameter (RCD) were 
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measured every 15 days throughout the experiment (7th Jun to 17th September). 

The slenderness of the seedlings was obtained by dividing the shoot length 

with RCD. The root length of the seedlings was measured at the end of 

experiment. All measurements were conducted using digital vernier caliper in 

millimeters. Relative growth rate (RGR) was calculated using the following 

formula (Tjoelker et al. 1993):  

RGR =
         

     
; 

where: H1 and H2 are heights at the beginning and end of sampling period, 

respectively, while T1 and T2 are initial and final period of sampling, 

respectively. 

 Five (5) leaves per seedlings were selected and leaf size was 

estimated by multiplying leaf length (cm) and leaf width (cm) obtained at the 

end of experiment.  

 Biomass allocation was assessed at the end of growing season, the 

end of September. All seedlings were harvested and separated into leaf, stem 

and root. The root, shoot and leaf samples were oven dried at 80˚C for 48 hr 

until constant weight. The biomass of each shoot and root parts was weighed 

separately and biomass allocation of roots was expressed as the root to shoot 

ratio (RS=root biomass/shoot biomass) (Cregg, 1993). 
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4.2.4 Photosynthetic characteristics 

 

 One month after application of watering regimes, photosynthetic gas 

exchange parameters were measured on the Siberian elm seedlings in sand 

soil pots. Among 60 seedlings, five seedlings from each treatment were 

subjected for measurement of gas exchange parameters and water use 

efficiency was calculated with same method as Chapter 3.  

 

4.2.5 Statistical analysis 

 

One-way analysis of variance (ANOVA) was used to test the 

differences among and between the investigated parameters of the watering 

regimes. Each variable represented the mean of 10 replications. Two-way 

ANOVA was used to test which factor have influenced on seedlings 

morphological and physiological characteristics with normality test. Duncan’s 

Multiple Range Test (DMRT) was used to examine the ranking order of the 

investigated parameters among the water regimes. Statistical analyses were 

performed using SPSS (version 16.0) and XSTAT (version 1.1, John Wiley & 

Sons, Inc., New York, USA). To investigate the significant differences on 

photosynthetic characteristics among watering interval regimes, dummy 

variable test was performed using SAS (version 9.3, SAS Institute, Cary, NC) 

after logarithm x-axis. 
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4.3 Results and Discussion  

 

4.3.1 Growth characteristics 

 

During this experiment, a total of 15.6% seedlings died (Table 4.1) 

within 30 days after the treatment application. Table 4 shows seedling 

mortality obtained by dividing the number of dead seedlings by the total 

number of seedlings per treatment (n=10). As categorized with soil types, the 

mortality in the sand soil filled pot was lower (6.7%) than the mixed or the 

nursery soil (15% and 25%, respectively). The differences of mortality among 

soil types were significant at 0.05 probabilities. It could be related with the 

poromeric characteristic of soil (Daubenmire, 1974). Interesting point is that 

under non-fertilized condition, the mortality of the seedlings watered with 15 

days interval is lower (6.7%) than 3 days or 7 days (16.7%). Usually, water 

conservation of nursery soil is higher than sand. So, it can be inferred that the 

seedlings in the mixed or the nursery soil suffered water excess stress under 

the frequently watered condition (Table 4.1). Watering interval and 

fertilization treatments did not affect the mortality of the two-year-old 

Siberian elm seedlings in pots (p> 0.05).
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Table 4.1. Mortality of the transplanted two-year-old U. pumila seedlings (%) treated with fertilization, soil types (sand, mixed- sand 50: 

nursery soil 50, nursery soil) and watering interval (3 days, 7 days, 15 days) 

         Treatment 

 

 Fertilized  Non-fertilized 

 
Total 

Watering interval  Watering interval 
Soil type 
(p<0.05) 3 days 7 days 15 days 

 
3 days 7 days 15 days 

Sand 6.7 (4) 10 (1) 20 (0) 10 (1)  0 (0) 0 (0) 0 (0) 

Mixed 15 (9) 30 (3) 0 (0) 30 (3)  10 (1) 10 (1) 10 (1) 

Nursery 25 (15) 10 (1) 30 (3) 20 (2)  40 (4) 40 (4) 10 (1) 

Total 15.6 (28) 16.7 (5) 16.7 (5) 20 (6)  16.7 (5) 16.7 (5) 6.7 (2) 

Watering interval (p>0.05)  Fertilization (p>0.05) 

Total 3 days 7 days 15 days  Total Fertilized Non-fertilized 

15.6(28) 16.7 (10) 16.7 (10) 13.3 (8)  15.6(28) 17.8 (16) 13.3 (12) 
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 The results of ANOVA (Table 4.2) indicated that fertilization 

treatment significantly affected the relative growth rate (RGR) of RCD and 

shoot length (Table 4.2). In case of Pinus canariensis, nutrient supplement 

enhanced seedlings’ growth and improved survival and drought resistance 

(Luis et al., 2009). Therefore, it can be expected that fertilization at the 

nursery stage may improve seedlings survival potential after transplanting. 

Slenderness was affected by watering interval and interaction of soil type and 

watering interval. The seasonal growing pattern and ANOVA for various 

growth characteristics of the seedlings were attached in the Appendices (1, 2, 

3 and 4).  
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Table 4.2. ANOVA for the relative growth rate (RGR) of root collar diameter 

(RCD), the shoot length and the slenderness of the two-year-old U.pumila 

seedlings 

Variables Sources Df SS MS F Pr>F 
RGR   
RCD 

N 1 0.039  0.039  4.17* 0.04 
S 2 0.040  0.020  2.16 0.11 
W 2 0.054  0.027  2.88 0.06 
N x S 2 0.005  0.003  0.28 0.76 
N x W 2 0.044  0.022  2.33 0.10 
S x W 4 0.026  0.007  0.7 ns 0.59 
N x S x 4 0.003  0.001  0.07 0.99 
Error 134 1.252  0.009    

RGR  
Shoot 
length 

N 1 0.109  0.109  8.87 0.00 
S 2 0.055  0.028  2.23 0.11 
W 2 0.020  0.010  0.82 0.44 
N x S 2 0.003  0.002  0.12 0.88 
N x W 2 0.019  0.009  0.75 0.47 
S x W 4 0.113  0.028  2.3 ns 0.06 
N x S x 4 0.103  0.026  2.09 0.09 
Error 134 1.652  0.012    

RGR 
Slenderness 

N 1 0.018  0.018  1.4 ns 0.34 
S 2 0.001  0.001  0.05 0.96 
W 2 0.137  0.069  5.42 0.01 
N x S 2 0.005  0.002  0.19 0.83 
N x W 2 0.007  0.003  0.26 0.77 
S x W 4 0.151  0.038  2.99* 0.02 
N x S x 4 0.083  0.021  1.64 0.17 
Error 134 1.696  0.013    

*-significant at 5 % level, *-significant at 1 % level, ns- not significant at 5 % level 

N-fertilization (+,-), S- soil types (sand, mixed, nursery),  

W- watering interval (3, 7, 15 days) 
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Figure 4.1. The two-year-old U. pumila seedlings’ the RGR of RCD (A) and 

the shoot length (B) under different fertilization, RGR of slenderness (C) with 

different watering intervals and with interaction between watering interval 

and soil type (D). Different letters on the error bar indicate significant 

differences according to Duncan’s multiple range tests at 5% level of 

probability. The letters are the rank order from highest to lowest value 

(alphabetically). 

 

In both of the RGR of the RCD and shoot length, the fertilized 

seedlings showed the higher value than the non-fertilized seedlings (Figure 

4.1A and 4.1B). In case of the RGR of slenderness which indicates seedlings’ 

health, the higher value was shown in the 15 days of watering interval than 

the 3 days and the 7 days of watering interval. There was no significant 

difference between the RGR of slenderness of the 3 days and the 7 days 
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watering interval (Figure 4.1C). The highest relative growth rate of 

slenderness was shown by the seedlings in the nursery soil filled pot with the 

15 days watering interval (Figure 4.1D).  

 

4.3.2 Leaf size 

 

Under the non-fertilization condition, the individual leaf size of the 

two-year-old Siberian elm seedlings was higher than that of under the 

fertilized condition and it showed no differences along different watering 

intervals (p>0.05). On the other hand, the individual leaf size of fertilized 

seedlings decreased as watering interval increased (p<0.05, Figure 4.2). This 

result is in contrast with the previous studies (Parkjurst and Loucks, 1972; 

Van der Werf and Nagel, 1996).  
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Figure 4.2. Leaf size of the two-year-old U.pumila seedlings under different 

watering intervals and fertilization condition at the end of growing season. 

Different letters on the error bars indicate significant differences according to 

Duncan’s multiple range tests at 5% level of probability. The letters are the 

rank order from highest to lowest value (alphabetically).  
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4.3.3 Biomass allocation 

 

 Without additional nutrient supply, aboveground biomass 

accumulation of the two-year-old Siberian elm seedlings slightly increased as 

watering interval increased (Figure 4.3A). While with fertilization, the 

aboveground biomass accumulation decreased with the increase of watering 

interval (Figure 4.3B).  

 

Figure 4.3. Biomass allocation (%) of the two-year-old U. pumila seedlings 

under different watering intervals and fertilization condition. A-Non-

fertilization, B- Fertilization. 

 

 With the 3 days interval of watering, the fertilized seedlings showed 

higher amount of biomass than the non-fertilized seedlings in all part (leaf, 

stem and root) (p<0.05). With the 7 days watering interval, only leaf biomass 

of fertilized seedlings was higher than that of the non-fertilized (p<0.05). 

With the 15 days watering interval, however, the root biomass of the non-
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fertilized seedlings showed higher than that of the fertilized seedlings 

(p<0.05). Under the non-fertilized condition, the leaf biomass decreased (0.05 

g, 0.03 g and 0.02 g) after increasing the water intervals at 3 days, 7 days and 

15 days, respectively, under the non-fertilized condition (Figure 4.4A). The 

stem biomass (Figure 4.4B) of the seedlings under the different watering 

intervals, however, were not significantly different (p>0.05). The root 

biomass accumulation slightly decreased (0.96 g, 0.75 g and 0.67 g) after 

increasing the watering intervals at 3 days, 7 days and 15 days, respectively, 

under non-fertilized condition (Figure 4.4C). 
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Figure 4.4. Leaf, stem and root biomass of two-year-old U. pumila seedlings 

under different watering intervals and fertilization condition (A: Leaf biomass, 

B: Stem biomass, C: Root biomass) at the end of growing season. Different 

letters on the error bars indicate significant differences according to Duncan’s 

multiple range tests at 5% level of probability. The letters are the rank order 

from highest to lowest value (alphabetically).  



89 

 

Watering interval

3 days 7 days 15 days

R
S

 r
at

io

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

Figure 4.5. Root to shoot ratio of the two-year-old U. pumila seedlings in sand 

soil under different watering intervals and fertilization condition. Open circle 

(○)- non-fertilized, closed circle (●)- fertilized. The bar indicates the standard 

error. 

 

 Overall, the RS ratio of seedlings under the non-fertilization was 

higher than that of the under fertilization (Figure 4.5). As Valladares and 

Sánchez-Gómez (2006) revealed with Mediterranean broadleaved species, 

Siberian elm seedlings showed a slightly increasing trend in RS ratio under 

increasing watering intervals under fertilized condition (0.72, 0.76 and 0.79 at 

3 days, 7 days and 15 days, respectively). While the RS of seedlings under the 

non-fertilized condition declined as the watering interval increases (1.1, 1.0 

and 0.98 at 3 days, 7 days and 15 days, respectively). Nonetheless, the 

differences between the two fertilization treatment groups were not significant 

at 5% probability (Figure 4.5). In case of Mediterranean seedlings with higher 
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shoot-root ratio, the results showed higher survival ratio under water stress 

condition. With no significant variation in the root to shoot ratio under the 

water deficient condition, the survival rate of the two-year-old Siberian elm 

seedlings may not be influenced by the watering interval. 

 

4.3.4 Net photosynthesis, transpiration rate, and water use efficiency 

 

Craven et al. (2007) figured out that trees adapted to the less fertile 

soils and lower precipitation levels by increasing their water use efficiency 

and decreasing their net photosynthetic capacity. In case of the two-year-old 

Siberian elm seedlings, under the non-fertilization condition, the net 

photosynthesis (PN) (9.61, 10.02 and 10.00 µmol CO2 m
-2s-1) showed no 

significant differences among the treatments of watering interval (p>0.05) 

(Figure 4.6A and 4.7A). On the other hand, the transpiration rates (E) showed 

slight decrease 3.02, 2.99 and 2.49 H2O
-1m-2s-1 with the increase of watering 

intervals (3 days, 7 days, and 15 days, respectively) but were not significantly 

different at 5% probability (Figure 4.6B and 4.7B).  
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Figure 4.6. Net photosynthetic rate (A) and transpiration rate (B) of non-

fertilized two-year-old U. pumila seedlings under different watering intervals. 

Closed circle (●) – 3 days, open circle (○) – 7 days, inversed triangle (▼) - 15 

days. 

 

As a result of dummy variable tests with the transformed graph 

Figure 4.7, the seedlings of the 7 days watering interval showed higher value 

on PN (Figure 4.7A, p<0.001) and the seedling of the 15 days watering 

interval showed the lowest value on E (Figure 4.7B, p<0.001). In both 
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parameters, there were significant differences in the mean value but the 

response pattern to PPFD among the watering intervals. 
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Figure 4.7. Net photosynthetic rate and transpiration rate of the non-fertilized 

two-year-old U.pumila seedlings with ln (PPDF) under different watering 

intervals. Closed circle (●) – 3 days, open circle (○) – 7 days, inversed 

triangle (▼) - 15 days. 

 

The fertilized seedlings, however, showed significant differences of 

PN with the different watering interval. PN of the 15 days watering interval 

showed lower than that of the 3 days and 7 days watering interval (Figure 4.8 
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and 4.9). In case of the seedlings watered every 7 days and 15 days, the values 

on PN showed higher with fertilization than without fertilization. The results 

of Mooney and Gulmon (1982), Koike and Sanada (1989), and Kannan and 

Paliwal (1997) study support the present study that PN increases with 

fertilization.  

0 500 1000 1500 2000

N
et

 p
h

o
to

sy
n

th
es

is
 r

a
te

 (
u

m
ol

C
O

2m
-2

s-1
)

-5

0

5

10

15

20

A

 

PPFD(mmolm-2s-1)

0 500 1000 1500 2000

E
 (

m
m

o
l 

H
2O

-1
m

-2
s-1

)

0

1

2

3

4

5

3 days
7 days
15 days

B

 

Figure 4.8. Net photosynthetic rate (A) and transpiration rate (B) of the 

fertilized two-year-old U. pumila seedlings under different watering intervals. 

Closed circle (●) – 3 days, open circle (○) – 7 days, inversed triangle (▼) - 15 

days. 
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As a result of dummy variable tests with transformed graph Figure 

4.8, seedlings of 15 days watering interval showed the lowest value on PN 

(Figure 4.9A, p<0.0001) and value on E decreased as watering interval 

increase, 3 days, 7 days, and 15 days, respectively (Figure 4.9B, p<0.0002) 

under the fertilized condition. In both parameters, there were significant 

differences in the mean value but the response pattern to PPFD among the 

watering intervals (Blum, 1997; Singh and Singh, 2006). 
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Figure 4.9. Net photosynthetic rate and transpiration rate of the fertilized two-

year-old U. pumila seedlings with ln (PPDF) under different watering 

intervals. Closed circle (●) – 3 days, open circle (○) – 7 days, inversed 

triangle (▼) - 15 days. 
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 Valladares et al. (2005) proved that water use efficiency increases 

under induced water stress condition. According to Xu and Zhou (2008), an 

early response to drought stress was a reduction in leaf area and plant growth 

which allow plants to reduce their transpiration, thus increasing water use 

efficiency.  For all three water regimes, WUE of Siberian elm seedlings 

increased with fertilization and saturated in more than 400 µmol m-2s-1 PPFD 

(Figure 4.10 and 4.12). The mean values on WUE at more than 400 µmol m-

2s-1 PPFD were significantly different (p<0.05) (Figure 4.12). Without 

fertilization, the value on WUE of the seedlings watered every 15 days was 

the highest. Under fertilized condition, the highest value on WUE was shown 

in the seedlings of the 15 days watering interval (Figure 4.12). 
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Figure 4.10. WUE variation of the non-fertilized (A) and the fertilized (B) 

two-year-old U.pumila seedlings with photosynthetic photon flux density 

(PPFD, µmol m-2s-1). Closed circle (●) – 3 days, open circle (○) – 7 days, 

inversed triangle (▼) - 15 days.
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As a result of ANOVA, WUE of the two-year-old Siberian elm seedlings 

were significantly affected by fertilization, watering interval and interaction of 

watering interval and fertilization treatments (Table 4.3). Among the whole 

samples, the seedlings showed statistically same WUE in the all level of 

watering intervals (Figure 4.11A). The fertilized seedlings showed higher 

WUE than non-fertilized seedlings (Figure 4.11B).  

 Therefore it can be inferred that the two-year-old Siberian elm 

seedlings mostly elevate WUE as the water interval increases under the non-

fertilized condition compared to the enough nutrient supplied condition.  

 
Table 4.3. ANOVA for the water use efficiency (WUE) of the two-year-old 

U.pumila seedlings in the sand soil pot with fertilization and watering interval 

treatment  

Source df SS SS F Pr > F 
N 1 6.526  6.526  7.520**  0.007  

W 2 7.039  3.520  4.060*  0.020  

W*N 2 7.576  3.788  4.370*  0.015  

Error 132 114.514 0.868    

*-significant at 5% level, *-significant at 1% level, 

N-fertilization (+,-), W- watering interval (3, 7, 15 days) 
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Figure 4.11. WUE of the two-year-old U. pumila seedlings grouped by 

watering intervals (A) and fertilization treatment (B). Different letters on the 

error bars indicate significant differences according to Duncan’s multiple 

range tests at 5% level of probability. The letters are the rank order from 

highest to lowest value (alphabetically).  
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Figure 4.12. Mean value of WUE of the non-fertilized (A) and the fertilized 

(B) two-year-old U. pumila seedlings under different watering intervals. 

Different letters on the error bars indicate significant differences according to 

Duncan’s multiple range tests at 5% level of probability. The letters are the 

rank order from highest to lowest value (alphabetically).   
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4.4 Conclusion  

 

In this study, the seedlings transplanted in the pots filled with sand 

soil without fertilizing survived 100% regardless watering interval. And 

fertilization significantly increased on the RGR of RCD and shoot length of 

the seedlings. The slenderness of seedlings was affected by watering interval 

and the interaction of the soil type and the watering interval. 

Under the non-fertilized condition, both the shoot growth and the 

biomass of the two-year-old seedlings transplanted in the sand soil pot were 

not significantly different among the watering interval treatments. The leaf 

biomass, however, decreased with the increase of watering interval. Even the 

net photosynthesis rate was not significantly different. Minimizing leaf 

biomass portion to combat water loss under water deficient condition can 

maximize plant’s water use efficiency and affect the total leaf area of 

individual plant. The transpiration rates also slightly decreased but the 

differences were not significant statistically. In the study of Valladares et al. 

(2005), they revealed that WUE of seedlings increased under induced water 

stress condition. In this study, the instantaneous WUE measured in the two-

year-old seedlings of Siberian elm did not differ among treatments. However, 

with increased sample size, there is a possibility that the finding above could 

be different.  

From these results, it can be inferred that the 15 days watering 

interval is not enough to induce water stress to the Siberian elm seedlings 

under the non-fertilized condition transplanted in the sand soil pot. That is, for 
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the two-year-old Siberian elm seedlings, watering every 15 days can maintain 

the growth and photosynthetic performance of seedlings at least one growing 

season without additional nutrient supply.  

With fertilization, the seedlings transplanted in the sand soil pot 

showed greater total biomass accumulation and RS ratio and smaller leaf size 

than non-fertilized seedlings. The difference of leaf size of the fertilized 

seedlings was noticeable with increasing watering interval. Especially with 

the 15 days watering interval, the total biomass is smaller than non-fertilized 

seedlings. RS of fertilized seedlings also tends to be declined with increasing 

watering interval while the non-fertilized seedlings’ RS ratio increased. In 

terms of WUE obtained by dividing photosynthesis rate by transpiration rate, 

the seedlings watered every 15 days showed lower value than the 7 days 

watering interval. These results indicate that the two-year-old Siberian elm 

under the fertilized condition may be more sensitive to water supply in terms 

of biomass accumulation and photosynthetic gas exchange.  
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Chapter 5. Conclusions 

 

The morphological and physiological adaptation strategies of young 

and mature Siberian elm trees to arid and semi-arid regions were highlighted 

in this study. Variations in both functional and structural characteristics of this 

tree species showed clear tendency to change with different precipitation 

levels. As precipitation decreased, the value of carbon isotope composition 

(δ13C) and leaf mass per unit leaf area (LMA) increased indicating increase of 

intrinsic water use efficiency (iWUE) and leaf thickness. Analysis of leaf δ13C 

and LMA explained the inter-specific variation in iWUE of Siberian elm 

under different water conditions. 

Stomata morphological characteristics, including stomata area per 

unit leaf area, decreased while pore depth and stomata surface roughness of 

Siberian elm leaf increased as precipitation decreased. Stomata size and 

density showed negative relationship. Line profile analysis by White Light 

Scanning Interferometry allowed the measurement of stomatal dimension. 

Stomata under arid conditions appeared to have higher levels of stomatal pore 

depth than those under normal condition. Analysis of average surface 

roughness and root mean square (RMS) surface roughness showed higher 

levels of roughness from the stomata under arid conditions. Focused Ion 

Beam-field Emission Electron Microscopy showed increased stomatal pore 

depth with increasing drought stress gradient. These results indicate that 

stomatal architecture could be plastic to drought stress in Siberian elm leaves. 

It may also suggest that complementary microscopy can be employed to 
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unravel the adaptive phenotypic plasticity of Siberian elm in response to 

drought stress without additional specimen preparations.  

At the seedling level, Siberian elm seedlings grown in the open field 

nursery which had higher vapor pressure deficit in the air (VPDair) and lower 

soil water content showed higher value of LMA while leaf size showed lower 

than that of seedlings grown in the greenhouse. Especially the four-year-old 

Siberian elm seedlings showed negative lower shoot water potential which 

indicates higher water availability of seedlings. The shoot water potential 

values decreased as VPDair increased in the open field nursery while that of 

greenhouse seedlings were not affected by VPDair. These characteristics could 

be explained by lower value of ci/ca and stomatal conductance (gs) under dry 

condition. From the above results, it can be inferred that Siberian elm grown 

in the open field nursery had adapted in water deficient environment by 

reducing gs and transpiration rate (E) while improving the strength absorbing 

water to shoot. 

Furthermore the two-year-old Siberian elm seedlings transplanted in 

sand soil filled pot survived 100% regardless of watering interval. 

Considering this result, it can be inferred that Siberian elm seedlings prefer 

sand soil. Fertilization treatment significantly affected relative growth rate 

(RGR) of root collar diameter and shoot length. Slenderness of seedlings was 

affected by watering interval and interaction of soil type and watering interval. 

However, seedlings with fertilization, showed more sensitive responses in size 

and biomass of leaf than seedlings without fertilization with increasing 

watering interval. Seedlings without fertilization, showed more efficient use 
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of water based on the photosynthetic gas exchange performance under water 

deficient condition while growth is lower than frequently watered seedlings. 

With fertilization, seedlings with 7 days watering interval showed the highest 

net photosynthesis ( PN ) and WUE.  

Under non-fertilized condition, both the shoot growth and biomass of 

the two-year-old seedlings transplanted in sand soil pot were not significantly 

different among the watering interval treatments. Also the PN was not 

significantly different. Leaf biomass decreased with the increase of watering 

interval. Minimizing leaf biomass portion to combat water loss under water 

deficient condition can maximize plant’s WUE and affect the total leaf area of 

individual plant. Transpiration rates also slightly decreased but the differences 

were not statistically significant.  

From these results, it can be inferred that 15 days watering interval is 

not enough to induce water stress to Siberian elm under non-fertilized 

condition transplanted in sand soil pot. That is, for the two-year-old Siberian 

elm seedlings, watering every 15 days can maintain the growth and 

photosynthetic performance of seedlings for at least one growing season 

without additional nutrient supply.  

With fertilization, seedlings transplanted in sand soil pot showed 

greater total biomass accumulation and RS ratio and smaller leaf size than 

non-fertilized seedlings. The difference in leaf size of fertilized seedlings was 

noticeable with increasing watering interval. Especially with 15 days watering 

interval, the total biomass is smaller than non-fertilized seedlings. Root-shoot 

ratio (RS) of fertilized seedlings also tends to decline with increasing watering 
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interval while non-fertilized seedlings’ RS ratio increased. In terms of WUE, 

seedlings watered every 15 days showed lower value than 7 days watering 

interval. With these results it may infer that the two-year-old Siberian elm 

under fertilized condition may be more sensitive to water supply in terms of 

biomass accumulation and photosynthetic gas exchange. 

From this study, adaptive strategies of Siberian elm under water 

deficient environment were partly understood from investigating foliar 

morphological and physiological characteristics of mature trees in relation to 

the annual precipitation gradient and photosynthetic characteristics of 

seedlings at the nursery experiments. 

According to the characteristics of Siberian elm mentioned above, it 

has been reemphasized that Siberian elm has strong vitality under water 

deficient environment and thus can be planted for rehabilitation of degraded 

harsh arid areas such as Mongolia, Inner Mongolia in China, and North Korea. 

For further works, investigation on survival ratio and performance of 

seedlings after transplantation are imperative in order to suggest more proper 

methods to improve the success rate of rehabilitation in arid and semi-arid 

areas. 
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Appendix 1. ANOVA for average shoot length of two-year-old U. pumila 

seedlings at different growing stages after treatment application  

Time Sources df SS MS F 

9th Jun N 1 174.43 174.43 0.28ns 
 S 2 952.20 476.10 0.75 ns 
 W 2 406.19 203.10 0.32 ns 
 N x S 2 773.14 386.57 0.61 ns 
 N x W 2 2125.32 1062.66 1.68 ns 
 S x W 4 4629.06 1157.27 1.83 ns 
 N x S x W 4 1281.98 320.50 0.51 ns 
 Error 167 174.43 174.43  
24th Jun N 1 295.86 295.86 0.31 ns 
 S 2 6782.00 3391.00 3.57 * 
 W 2 5085.98 2542.99 2.68 ns 
 N x S 2 2493.58 1246.79 1.31 ns 
 N x W 2 3512.25 1756.12 1.85 ns 
 S x W 4 4749.74 1187.44 1.25 ns 
 N x S x W 4 1422.52 355.63 0.37 ns 
 Error 156 148076.07 949.21  
4th July N 1 210.77 210.77 0.15 ns 
 S 2 6613.09 3306.54 2.28 ns 
 W 2 4808.37 2404.18 1.66 ns 
 N x S 2 2984.46 1492.23 1.03 ns 
 N x W 2 5526.46 2763.23 1.9 ns 
 S x W 4 7679.07 1919.77 1.32 ns 
 N x S x W 4 5114.59 1278.65 0.88 ns 
 Error 152 220679.41 1451.84  
24th Jun N 1 1420.13 1420.13 0.45 ns 
 S 2 28921.03 14460.52 4.59*  
 W 2 2711.54 1355.77 0.43 ns 
 N x S 2 2354.92 1177.46 0.37 ns 
 N x W 2 10698.64 5349.32 1.7 ns 
 S x W 4 15363.67 3840.92 1.22 ns 
 N x S x W 4 13663.16 3415.79 1.08 ns 
 Error 143 450212.07 3148.34  
7th Aug N 1 6949.17 6949.17 1.63 ns 
 S 2 30129.90 15064.95 3.53 * 
 W 2 2930.30 1465.15 0.34 ns 
 N x S 2 12262.68 6131.34 1.44 ns 
 N x W 2 21525.61 10762.81 2.52 ns 
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 S x W 4 36089.27 9022.32 2.12 ns 
 N x S x W 4 22921.53 5730.38 1.34 ns 
 Error 141 601078.80 4262.97  
17th Jun N 1 11272.96 11272.96 2.48 ns 
 S 2 26276.30 13138.15 2.89 ns 
 W 2 1651.21 825.61 0.18 ns 
 N x S 2 12360.59 6180.30 1.36 ns 
 N x W 2 35353.82 17676.91 3.89 ns 
 S x W 4 39209.48 9802.37 2.16 ns 
 N x S x W 4 16430.02 4107.51 0.9 ns 
 Error 139 632257.00 4548.61  
27th Aug N 1 22093.88 22093.88 4.54 * 
 S 2 25284.08 12642.04 2.6 ns 
 W 2 3531.16 1765.58 0.36 ns 
 N x S 2 13024.16 6512.08 1.34 ns 
 N x W 2 51810.93 25905.46 5.32 ns 
 S x W 4 41151.41 10287.85 2.11 ns 
 N x S x W 4 20176.35 5044.09 1.04 ns 
 Error 137 667347.16 4871.15  
7th Sep N 1 25728.09 25728.09 5.5 * 
 S 2 28268.75 14134.37 3.02 ns 
 W 2 9497.83 4748.91 1.02 ns 
 N x S 2 19941.43 9970.72 2.13 ns 
 N x W 2 70412.18 35206.09 7.53 ns 
 S x W 4 50137.76 12534.44 2.68* 
 N x S x W 4 23422.38 5855.59 1.25 ns 
 Error 135 630936.91 4673.61  
17th Sep N 1 22052.41 22052.41 4.87 * 
 S 2 22412.63 11206.31 2.47 ns 
 W 2 4803.82 2401.91 0.53 ns 
 N x S 2 20871.77 10435.89 2.3 ns 
 N x W 2 65879.47 32939.74 7.27 * 
 S x W 4 43785.40 10946.35 2.42 ns 
 N x S x W 4 24558.61 6139.65 1.36 ns 
 Error 134 606840.17 4528.66  

*-significant at 5% level, ns- not significant at 5% level 

N-fertilization (+,-), S- soil types (sand, mixed, nursery), W- watering interval 

(3, 7, 15 days) 
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Appendix 2. ANOVA for average RCD of two-year-old U. pumila seedlings 

at different growing stages after treatment application.  

Time Sources df SS MS F 

9th Jun N 1 0.00 0.00 0ns 

 S 2 5.23 2.62 1.1 ns 

 W 2 10.17 5.09 2.14 ns 

 N x S 2 0.16 0.08 0.03 ns 

 N x W 2 0.43 0.21 0.09 ns 

 S x W 4 23.92 5.98 2.52 * 

 N x S x W 4 0.45 0.11 0.05 ns 

 Error 162 0.00 0.00  

24th Jun N 1 4.12 4.12 1.9 ns 

 S 2 16.84 8.42 3.89 * 

 W 2 2.81 1.41 0.65 ns 

 N x S 2 11.61 5.81 2.68 ns 

 N x W 2 1.96 0.98 0.45 ns 

 S x W 4 7.08 1.77 0.82 ns 

 N x S x W 4 2.77 0.69 0.32 ns 

 Error 161 348.98 2.17  

4th July N 1 0.13 0.13 0.07 ns 

 S 2 6.12 3.06 1.72 ns 

 W 2 2.15 1.08 0.61 ns 

 N x S 2 1.22 0.61 0.34 ns 

 N x W 2 4.52 2.26 1.27 ns 

 S x W 4 5.78 1.45 0.81 ns 

 N x S x W 4 3.87 0.97 0.54 ns 

 Error 149 265.11 1.78  

24th Jun N 1 1.55 1.55 4.61 * 

 S 2 2.55 1.27 3.78 * 

 W 2 0.84 0.42 1.25 ns 

 N x S 2 0.35 0.17 0.52 ns 

 N x W 2 1.35 0.67 2 ns 

 S x W 4 1.72 0.43 1.28 ns 

 N x S x W 4 1.46 0.36 1.08 ns 

 Error 144 48.52 0.34  

7th Aug N 1 1.55 1.55 4.61 * 

 S 2 2.55 1.27 3.78 * 

 W 2 0.84 0.42 1.25 ns 

 N x S 2 0.35 0.17 0.52 ns 

 N x W 2 1.35 0.67 2 ns 



132 

 

 S x W 4 1.72 0.43 1.28 ns 

 N x S x W 4 1.46 0.36 1.08 ns 

 Error 144 48.52 0.34  

17th Jun N 1 2.27 2.27 5.23 * 

 S 2 3.21 1.60 3.69 * 

 W 2 1.32 0.66 1.52 ns 

 N x S 2 0.25 0.12 0.29 ns 

 N x W 2 2.80 1.40 3.23 * 

 S x W 4 2.80 0.70 1.61 ns 

 N x S x W 4 1.89 0.47 1.09 ns 

 Error 139 60.37 0.43  

27th Aug N 1 5.58 5.58 9.92 * 

 S 2 3.25 1.63 2.89 * 

 W 2 3.36 1.68 2.99 ns 

 N x S 2 0.84 0.42 0.75 ns 

 N x W 2 5.93 2.97 5.27 * 

 S x W 4 4.12 1.03 1.83 ns 

 N x S x W 4 2.75 0.69 1.22 ns 

 Error 137 77.06 0.56  

7th Sep N 1 8.94 8.94 15.2 * 

 S 2 4.70 2.35 4 * 

 W 2 6.09 3.05 5.18 * 

 N x S 2 1.57 0.79 1.34 ns 

 N x W 2 9.65 4.83 8.21 * 

 S x W 4 7.15 1.79 3.04 * 

 N x S x W 4 3.92 0.98 1.67 ns 

 Error 135 79.35 0.59  

17th Sep N 1 8.58 8.58 12.7* 

 S 2 4.62 2.31 3.42* 

 W 2 6.11 3.05 4.52* 

 N x S 2 1.69 0.84 1.25ns 

 N x W 2 10.77 5.39 7.98* 

 S x W 4 7.58 1.90 2.81* 

 N x S x W 4 4.45 1.11 1.65ns 

 Error 134 90.47 0.68  

*-significant at 5% level, ns- not significant at 5% level 

N-fertilization (+,-), S- soil types (sand, mixed, nursery), W- watering interval 

(3, 7, 15 days) 
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Appendix 3. ANOVA for average slenderness of two-year-old U. pumila 

seedlings at different growing stages after treatment application.  

Time Sources df SS MS F 

9th Jun N 1 9.49 9.49 0.05ns 

 S 2 71.66 35.83 0.21 ns 

 W 2 8.03 4.01 0.02 ns 

 N x S 2 354.96 177.48 1.03 ns 

 N x W 2 313.94 156.97 0.91 ns 

 S x W 4 2238.74 559.68 3.24 * 

 N x S x W 4 504.45 126.11 0.73 ns 

 Error 162 27977.56 172.70  

24th Jun N 1 82.30 82.30 0.4 ns 

 S 2 78.89 39.44 0.19 ns 

 W 2 1477.29 738.65 3.62 * 

 N x S 2 648.26 324.13 1.59 ns 

 N x W 2 157.14 78.57 0.38 ns 

 S x W 4 2280.50 570.13 2.79 * 

 N x S x W 4 145.61 36.40 0.18 ns 

 Error 155 31637.35 204.11  

4th July N 1 134.94 134.94 0.75 ns 

 S 2 347.95 173.97 0.97 ns 

 W 2 631.15 315.57 1.76 ns 

 N x S 2 348.97 174.49 0.97 ns 

 N x W 2 602.26 301.13 1.67 ns 

 S x W 4 2175.57 543.89 3.03 * 

 N x S x W 4 739.29 184.82 1.03 ns 

 Error 146 26249.91 179.79  

24th Jun N 1 315.20 315.20 1.56 ns 

 S 2 1620.73 810.36 4 * 

 W 2 897.07 448.54 2.21 ns 

 N x S 2 79.67 39.84 0.2 ns 

 N x W 2 240.31 120.16 0.59 ns 

 S x W 4 1595.56 398.89 1.97 ns 

 N x S x W 4 589.36 147.34 0.73 ns 

 Error 143 28972.32 202.60  

7th Aug N 1 1.63 1.63 0.01 ns 

 S 2 1591.61 795.80 2.8 ns 

 W 2 1257.74 628.87 2.21 ns 

 N x S 2 1141.29 570.65 2 ns 

 N x W 2 1127.61 563.81 1.98 ns 
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 S x W 4 3576.16 894.04 3.14 * 

 N x S x W 4 838.06 209.51 0.74 ns 

 Error 142 40416.87 284.63  

17th Jun N 1 10.35 10.35 0.05 ns 

 S 2 757.79 378.89 1.86 ns 

 W 2 891.06 445.53 2.19 ns 

 N x S 2 459.16 229.58 1.13 ns 

 N x W 2 1020.58 510.29 2.51 ns 

 S x W 4 2216.59 554.15 2.72 * 

 N x S x W 4 551.78 137.94 0.68 ns 

 Error 139 28302.36 203.61  

27th Aug N 1 3.01 3.01 0.02 ns 

 S 2 638.67 319.33 2.01 ns 

 W 2 845.79 422.89 2.67 * 

 N x S 2 352.97 176.49 1.11 ns 

 N x W 2 1072.26 536.13 3.38 * 

 S x W 4 1594.86 398.71 2.51 * 

 N x S x W 4 336.47 84.12 0.53 ns 

 Error 137 21723.05 158.56  

7th Sep N 1 62.33 62.33 0.42 ns 

 S 2 473.51 236.76 1.6 ns 

 W 2 837.80 418.90 2.83 ns 

 N x S 2 396.34 198.17 1.34 ns 

 N x W 2 1021.92 510.96 3.45 * 

 S x W 4 1730.72 432.68 2.92 * 

 N x S x W 4 291.05 72.76 0.49 ns 

 Error 135 19973.20 147.95  

17th Sep N 1 49.48 49.48 0.4 ns 

 S 2 327.10 163.55 1.31 ns 

 W 2 939.36 469.68 3.75 * 

 N x S 2 431.90 215.95 1.73 ns 

 N x W 2 839.60 419.80 3.36 * 

 S x W 4 1213.56 303.39 2.42 ns 

 N x S x W 4 380.42 95.11 0.76 ns 

 Error 134 16766.49 125.12  

*-significant at 5% level, ns- not significant at 5% level 

N-fertilization (+,-), S- soil types (sand, mixed, nursery), W- watering interval 

(3, 7, 15 days) 
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Appendix 4. ANOVA for average biomass allocation of two-year-old U. 
pumila seedlings at the end of experiment. 
Time Sources df SS MS F 

Root N 1 2.59  2.59  4.7 * 
 S 2 5.86  2.93  5.31 ** 
 W 2 2.22  1.11  2.02 ns 
 N x S 2 1.98  0.99  1.79 ns 
 N x W 2 5.12  2.56  4.64 * 
 S x W 4 11.31  2.83  5.13 ** 
 N x S x W 4 3.61  0.90  1.64 ns 
 Error 134 73.92  0.55   

Shoot N 1 3.06  3.06  10.46** 
 S 2 2.35  1.18  4.02* 
 W 2 1.99  1.00  3.41* 
 N x S 2 2.44  1.22  4.18* 
 N x W 2 4.26  2.13  7.28** 
 S x W 4 4.27  1.07  3.65** 
 N x S x W 4 2.56  0.64  2.19ns 
 Error 134 39.18  0.29   

Leaf N 1 3.92  3.92  11.93 ** 
 S 2 1.67  0.84  2.55 ns 
 W 2 1.54  0.77  2.34 ns 
 N x S 2 2.74  1.37  4.17 * 
 N x W 2 3.95  1.98  6.01 ** 
 S x W 4 6.86  1.71  5.21 ** 
 N x S x W 4 2.27  0.57  1.72 ns 
 Error 134 44.05  0.33   

RS N 1 4.51  4.51  26.75 ** 
 S 2 0.77  0.38  2.28 ns 
 W 2 0.01  0.00  0.03 ns 
 N x S 2 0.71  0.36  2.11 ns 
 N x W 2 0.30  0.15  0.88 ns 
 S x W 4 0.24  0.06  0.36 ns 
 N x S x W 4 0.68  0.17  1.01 ns 
 Error 134 22.58  0.17   

*-significant at 5% level, ns- not significant at 5% level 

N-fertilization (+,-), S- soil types (sand, mixed, nursery), W- watering interval 

(3, 7, 15 days) 
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ABSTRACT IN KOREAN 

 

 식  수  내건   내몽골 지역과 같  건 ∙반건  

지역  복원할 때 복원  공여  결 하는 핵심 다. 비술나

(Siberian elm, Ulmus pumila L.)는 몽골  주  엽수 , 수변 지역

과 같  습 한 지역  고비사막과 같  건 한 곳에 지 그 

포 범 가 어 건 ·반건 지 복원  해  가 가  수

다. 따라  비술나   내건 략  알아보  해 강수량   

다  지역에 포하는 비술나   태 , 생리  특  사했다. 

그리고 비술나  가 건 한 건에 하는 략 및 훼  지역 

복원에 알맞   양 하는 건  알  해, 수 건  달리하

여 양 한  생 과 생리  특  비 했다.  

 비술나   건 한 건에  어떻게 하는가  비 하

 해, 연강수량에 차 가 는  지역, 한  ,  엔과 

울라나 , 몽골  쿤항에    시료  채취했다. 비술나

 수 (iWUE)과  단  당 건 량(LMA)과  공  

태  특징  사했다.  단계에 는 야 포 과 실에  양 한 

2 생, 4 생  상 , 생 과 LMA, 수 포 , 합  특

 사했다. 한 양, 양료, 수주  건  달리한 2 생  간

 생 과 합  특  사했다. 

 각 지역에 포하는 비술나  에 한 연  결과는 다 과 

같다. 지역별 연강수량  1,304 mm 에  232 mm  감 할 수   

 δ13C  -31.28‰에  -26.12‰  가했고, LMA값 역시 107.57g m-

2에 146.21g m-2  가했 , 공  도 3.02μm 에  5.21μm  

어 다(p<0.05).   내재  수 과   포  

밀도  고,  단 당 공  차지하는  따라 함

, 건 한 경에 생리  하는 략  보 다. 도 

과 마찬가지  수 건에 따라 태 , 생리  변  보 다. 야
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포에  양 한 2 생 4 생  LMA값  각각 4.9~8.3mg cm-2, 

5.8~6.4mg cm-2  실에  양 한 동 배 LMA 값 1.6~22mg cm-2  

4.3~4.5mg cm-2 보다 았고, 수 포 값  상  낮았다

(p<0.05). 한 야 포에  양 한 4 생  WUE 가 실  

 보다 았다 (p<0.05). 그러나 근원경과 고  생  실에  

란 2 생과 4 생 가 상  컸다(p<0.05). 반  건 지에  

생 에 주 하게 여하는 초살도는 야 포에  란 2 생 

가 실에  란 보다 상  낮았다(p<0.05). 래  채운 

에 식한 2 생 가 다  양에 식한 에 비해 착  가

 았다(p<0.05). 근원경과 고  상 생 량  양료 처리한 경우가 

상  았 나, 뿌리/  바 매스 비 (RS)  양료 처리하지 

않  경우가 다  에 비해 약 1.36 배  았다(p<0.05). 한편 초살

도  상 가량  수 주 가 가할수  가했다(p<0.05). 양료 처

리한 는 달리, 수주 가 가할수  양료 처리하지 않  

 WUE 가 가했다(p<0.05). 한 양료 처리한   는 

 할수  아 다(p<0.05).  

상  연 에 는 비술나 가  한 경에  과  

 략  지니고  밝 다. 한  래에  양 하 , 

수  빈번하게 하 보다는 양료   고 하여 주  하는 

것  내건  향상에 여할 것  단 다.  

 

주 어: adaptive plasticity, 내건 , 반 , 내 변 , 탄 동 원 ,  

수 , 복원, 공  특 , 실험 

 

학  번:  2007-21318  
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