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Abstract: The Siberian elm (Ulmus pumila L.) is one of the most commonly found tree species in
arid areas of northeast Asia. To understand the morphological and physiological characteristics of
Siberian elms in arid regions, we analyzed leaves from seven study sites (five arid or semi-arid and
two mesic) in China, Mongolia and the Republic of Korea, which covered a wide range of average
annual precipitation (232 mm-year~! to 1304 mm-year ') under various aridity indexes (Al) and
four different microenvironments: sand dune, steppe, riverside and forest. The traits of Siberian
elms varied widely along different annual precipitation (P) and Al gradients. Tree height (H), leaf
size (LS) and stomatal area per unit leaf area (As/AL) decreased with increasing Al, whereas leaf
mass per unit leaf area (LMA) and water-use efficiency (WUE) increased significantly. In addition,
trees at the five arid sites showed significant differences in LS, LMA and As/Ar but not in H and
WUE. Thus, our study indicated that indigenous Siberian elm trees in arid areas have substantially
altered their morphological and physiological characteristics to avoid heat stress and increase water
conservation in comparison to mesic areas. However, their changes differed depending on the
surrounding microenvironment even in arid areas. Trees in sand dunes had a smaller LS, higher
LMA, thicker leaf cuticle layer and higher stomatal density and Ag than those in steppes and near
a riverside.

Keywords: drought tolerance; leaf size; leaf mass per area; microenvironment; stomatal density and
area; water-use efficiency (5'3C)
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1. Introduction

Drylands cover more than 41% of the global terrestrial area, larger than that of forests [1].
Furthermore, 10%-20% of these drylands face severe degradation, which is accelerated by
climate change and population growth. In countries including China and Mongolia where more
than 250 million people are directly affected by desertification, the efforts to prevent this expansion and
to rehabilitate degraded areas by restoring vegetation are increasing [2-5]. Restoration of vegetation
improves soil reinforcement by decreasing soil erosion and eventually decreasing or mitigating
desertification [6]. To avoid failure and side effects caused by planting trees in these areas, it is
necessary to select appropriate species which have already survived and adapted to the drought and
harsh conditions [5,7,8].

The survival of indigenous species in arid and semi-arid areas is directly attributed to their ability
to adapt to surrounding environmental conditions including water availability and heat stress [9-14].
As soil and plant water potentials decrease and vapor pressure deficit increases, plants close their
stomata, the main channels for the exchange of water and CO; during transpiration and photosynthesis,
respectively. Stomatal closure reduces water loss and preserves hydraulic conductivity to prevent
cavitation and hydraulic failure. At the same time, it also causes the reduction of carbon assimilation
at the foliar level. In addition, stomatal closure decreases the internal CO, concentration (C;) resulting
from the consumption of CO, by photosynthesis [15,16], thereby causing low C;/C, (C,: atmospheric
CO;, concentration) in the leaf and less discrimination of '>C isotope and eventually increasing the
water-use efficiency of the plant, which is defined as the amount of assimilated carbon per unit water
loss through transpiration [17-22]. A decrease in transpiration and consequent reduction in carbon
assimilation affect the metabolism and concentrations of carbohydrates, nitrogen and other nutrients
required for osmotic adjustment of plant tissues [19,23].

Such changes in physiological characteristics are often the result of structural acclimation, which
is a modification of morphological traits through changes in the expression of hundreds of related
genes [24]. Examples of changes under water stress include plant height reduction to decrease the water
transport distance from root to leaf [25-27], increased root to shoot ratio, leaf size reduction [28,29],
and development of a thick cuticle layer and dense mesophyll tissues to prevent water loss through
the leaf surface [30,31]. These changes result in a higher leaf mass per leaf unit area (LMA) in low
precipitation habitats [28,32-35]. In addition, stomata tend to form deep below the leaf surface as
sunken stomata [36-41], and decrease their area per leaf unit area by the reduction of stomatal density,
size or both [42,43].

Ulmus pumila L., which is the only elm species found in southern and southeastern Mongolia [44],
is naturally distributed throughout China, Mongolia, Korea and Russia and covers a wide
range of environmental gradients with average annual precipitation levels less than 100 mm to
over 1300 mm [44]. Thus, U. pumila is one of the most commonly used species in Mongolia and Inner
Mongolia, China for rehabilitating arid and semi-arid areas to combat desertification [45-47]. Previous
studies on U. pumila have focused on seedlings due to convenience and the importance of early stage
survival rates during rehabilitation [46—49]. However, there are a limited number of studies addressing
morphological and physiological traits of mature U. pumila trees that enable them to survive in arid
areas. More specifically, no studies have been conducted to analyze the effects of microenvironments
within arid and semi-arid areas [50,51]. Therefore, we proposed two major hypotheses with respect to
two aspects: (1) Physiological and morphological characteristics of Siberian elm will be differentiated
along a variation in annual precipitation; (2) Even under a similar range of annual precipitation, the
above characteristics will vary according to micro-environmental conditions. Therefore, the objectives
of this study were to (1) evaluate changes in morphological and physiological characteristics of
U. pumila along aridity index (AI) gradients under arid and mesic conditions, (2) assess the water-use
efficiency of U. pumila growing along different Al gradients and (3) compare these characteristics
within the different microenvironments of arid and semi-arid areas such as steppes, sand dunes and
riversides in Mongolia and China.
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2. Experimental Section

2.1. Study Sites

This study was performed in five different regions of northeast Asia, with two additional
experimental sites for microenvironment comparison, and encompassed a wide range of latitude,
precipitation (approximately 230-1300 mm-year~!) and temperature (1-10 °C mean annual
temperature). The sites used include Bayan Gobi, Mongolia (BG); Khugnukhan, Mongolia (KK);
Selenge Steppe, Mongolia (ST); Selenge River, Mongolia (SR); Wulanaodu, China (WL); Qingyuan,
China (QY) and Jeongseon, Korea (JS) (Figure 1). The basic information regarding these seven
experimental sites, including annual precipitation and temperature, is listed in Table 1. BG and
KK were considered separate experimental sites within the same region, as were ST and SR. The sites
had microenvironmental differences as described below; however, BG and KK, and similarly, ST and
SR, were considered to have similar climate conditions due to their close distance and the lack of
available weather data to further distinguish the two sites.
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Figure 1. Natural distribution of the Siberian elm (U. pumila L.) and locations of seven sampling sites in
Mongolia (Bayan Gobi, BG; Khugnukhan, KK; Selenge Steppe, ST; Selenge River, SR), China (Qingyuan,
QY; Wulanaodu, WL) and Korea (Jeongseon, JS).
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Table 1. Geographical and climatic conditions” of seven sampling sites in Mongolia (Bayang Gobi, BG; Kokunhang, KK; Selenge Steppe, ST; Selenge River, SR), China
(Qingyuan, QY; Wulanaodu, WL) and Korea (Jeongseon, JS).

Geographical Altitude Annual Mean Annual Maximum Monthly Minimum Monthly

Country Sampling Site Location (m) Climate and Site Type Precipitation (mm) Temperature (°C) Temperature (°C) Temperature (°C) Aridity Index
Mongolia Bayan Gobi © %312226511\]; 1283 ?arrilj glilfl‘:te and 232 30 * d ¥ 17+06d 19.7 + 0.8¢ ~160+10a 19.83
Khugnukhan ® %322(;910711\]2 1342 ‘;“\‘,’gg ﬁ;’;‘gte and 232 +30d 17+06d 19.7 + 08¢ ~160+1.0a 19.83
Selenge steppe fg;??lzggﬂ,}\]; 630 sf;gaj;f ddimate and 251 +17 12402 221403 —245+03 2241
Selenge riverside @ fg;?g;s,g';;}\é 614 i’i?;;ﬁf;;emate 251 + 17 12402 221403 —245+03 2241
China Waulanaodu © BN 537 Sembarid climate and 3294 35¢ 66+06b 259 +32b ~144+13ab 19.82
Qingyuan @ gfg;ifl N 607 gﬁ?aifgﬁﬁrfa;fecs?mate 730 £123b 51+05¢ 2B9+57a “11£17b 4834
Korea Jeongseon () TN 242 Z‘I’fgr\r]‘aﬁggﬁrgfecslgmate 1304 4+ 103 a 101+01a 232+08a —43407¢ 64.88

* Climate data from 20072010 were cited from () The Annual Report of Automatic Weather Station Data (527 Jeongseon) Korea Meteorological Administration, Korea; ® Qingyuan
Experimental Station of Forest Ecology of Institute of Applied Ecology, Chinese Academy of Sciences, and Yang et al. [52]; ®) Wulanaodu Desertification Experiment Station of Chinese
Academy of Sciences, Yan et al. [53], and Ma et al. [54]; ® Institute of Meteorology, Mongolian Academy of Sciences; ¥ Gurvanbulag sum, Weather station data. ** SE: Standard error.
*** Different letters denote significant differences according to Duncan’s multiple range tests at the 5% level of probability.
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BG and KK were located in the midwestern part of Mongolia, approximately 17 km apart,
encompassing sand dunes and woodlands, respectively. At both sites, the Siberian elm was the
only tree species, and the understory was composed of shrubs such as Caragana microphylla Lam.,
Ephedra siinica Stapf., Polygonum sericeum Pall. ex Georgi and Leymus racemosus Lam. The closest
weather station was within 20 km of the experimental sites, and it reported the lowest precipitation
totals (232 + 30 mm-year ') during the years 2007-2010.

The other similar sites, ST and SR, were located on a steppe (ST) and a riverside (SR), respectively,
in Selenge in northern Mongolia. The sites were located 8 km apart, and their average annual
precipitation and temperature values during 2000-2009 were collected by the Institute of Meteorology,
Mongolian Academy of Sciences.

Site WL in northeastern Inner Mongolia exhibited a semi-arid climate with an annual precipitation
of approximately 300 mm-year~! (Wulanaodu Desertification Experiment Station of Chinese Academy
of Sciences, 2007-2010; Table 1). Siberian elms were the only trees in the area and were scattered over
sand dunes and grasslands.

Site QY, which had the second highest precipitation (730 4= 123 mm-year~!), was located on the
hillside of a steep mountainous region in eastern Liaoning Province, China (Qingyuan Experimental
Station of Forest Ecology of Chinese Academy of Sciences, 2007-2010, Table 1) that had a stream
flowing in the valley below. However, this site was located sufficiently high enough so that it never
flooded during severe rain events. The climate of this region was typical of a continental monsoon
region with humid, rainy summers and cold, dry winters [52].

Site JS was located in the Dong River valley, a temperate deciduous forest zone, and had the
highest annual precipitation (1304 + 103 mm-year~!). More than 50% of the total annual precipitation
occurred during the summer months (June to August) (Korea Meteorological Administration,
2007-2010) and frequently occurred in the form of severe thunderstorms and typhoons. As a result,
trees that grew along the riverbank within the steep, sloped and narrow valley experienced occasional
floods above tree height during localized torrential downpours [55].

Based on their microenvironment, BG and WL were categorized as sand dunes, and ST and KK
were considered steppes. SR was the only site categorized as a riverside. Although JS was also located
on the side of a river, it was categorized as a forest area because it was similar to the mesic forest at
site QY.

2.2. Aridity Index

To account for environmental variables other than P, such as air temperature, aridity indexes (Al)
were calculated with monthly to yearly modification from Zhang et al. [38] as below:

P

Al= AT 10

)
Al is the aridity index and MAT indicates mean annual temperature (°C). In accordance with the
above equation, a lower Al value signifies a more arid condition.

2.3. Sample Collection

During the late growing season (late August to early September), a minimum of 15 trees over 60
years of age were selected at each site based on the number of tree rings (data not shown) and both
height and diameter at breast height (DBH) measurements. Twenty sun leaves, located at mid-height
of the crown outer envelope and fully exposed to sunlight, were obtained from a minimum of 12 trees
per site. A total of at least 200 leaves were collected from each site. The sampled leaves were sealed in
plastic bags with silica gel and stacked between flat newspaper to prevent any potential damage by
insects and decay. The samples were stored at room temperature until analysis.
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2.4. Leaf Mass per Leaf Unit Area (LMA)

The LMA was calculated by dividing the dry leaf mass by the leaf area for all sampled leaves
from each site [27]. To obtain the dry leaf mass, the leaves were dried in a drying oven at 72 °C for at
least 48 h and then weighed to within 0.01 g using an electronic microscale (Precision Balance AR2130,
Ohaus Corp., Parsippany, NJ, USA). The area of an individual leaf was measured using an LI-3100C
Portable Leaf Area Meter prior to drying in the oven (LI-COR, Lincoln, NE, USA).

2.5. Leaf Thickness and Stomatal Size, Density and Area per Unit Leaf Area

Leaf thickness and stomata were observed with a Photomicroscope (ZEISS Axiophot, Germany).
Five fragments of a leaf’s midsection were fixed in resin blocks and sectioned for microscopy.
Leaf thickness was measured five times for each fragment, and the average value was calculated.
Leaf surface impressions for investigating stomatal morphology were made using the nail polish
method [56]. The lower side of the leaf samples were painted with clear nail polish and allowed
to dry thoroughly. Once dry, a square strip of dried nail polish was gently peeled from the leaf
and attached to a piece of clear plastic packaging tape. The leaf impressions were taped to a clean
glass slide for observation using the Photomicroscope. Stomata were counted within 30 separate
areas (each 451.92 um x 338.65 um), and the stomatal density per square millimeter was calculated.
The stomatal size was determined by multiplying the length (um) and width (um) of the stomata.
The stomatal area per leaf unit area (Ag/A1) was calculated by multiplying the stomatal size and
stomata density [42].

2.6. Intrinsic WUE

Six leaves (one leaf per tree) were collected from each site and dried in an oven at 72 °C for at
least 48 h. The dried samples were homogenized by grinding them to a powder using FastPrep-24 (MP
Biomedicals, Santa Ana, CA, USA). Analysis of 513C was performed at the National Instrumentation
Center for Environmental Management (NICEM), College of Agriculture and Life Sciences (CALS),
Seoul National University, Republic of Korea.

The C;/C, ratio was calculated using the equation in Farquhar et al. [57] with some modification
by Korol et al. [58] as shown below:

(8atm — 613C — a)

Ci/Co= b2 @

In the equation, datm indicates the 13CO, discrimination in the air (—7.8%.), a represents the
diffusivity of 1>CO, in air (mol) (4.4%.), and b represents the amount of discrimination of C3 leaves
against 13CO, with respect to the ribulose bisphosphate carboxylase/oxygenase (27 %o).

The intrinsic WUE was calculated using the equation in Saurer et al. [59] as shown below:

WUE (umol mol 1) = w .

Here, C, indicates the ambient CO, concentration (390 ppm) and C; indicates the intercellular
CO; concentration (ppm), which is estimated from Equation (2).

2.7. Statistical Analysis

Statistical analysis was performed using SPSS software (version 16.0, SPSS Inc., Chicago, IL,
USA). Differences in the mean values of morphological and physiological variables were analyzed
using ANOVA after the Shapiro-Wilk normality test, and multiple comparisons were performed using
Duncan’s multiple range tests [60]. An estimation of the derived parameters, such as leaf size, LMA,
Ag/A1 and WUE, was performed and plotted using Sigma Plot 2011 (version 12.0, SPSS Inc., USA).
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3. Results and Discussion

3.1. Environment and Aridity Index

Several environmental variables, in addition to P gradients, differed significantly between sites
(Table 1). In general, mean annual temperature and minimum monthly temperature increased as
the latitude of the experimental site decreased. However, WL, located in an arid sand dune, had
higher mean and maximum monthly temperatures than QY, a temperate forest site located at lower
latitude (6.6 £ 0.6 vs. 5.1 £ 0.5 and 25.9 &+ 3.2 vs. 23.9 £ 5.7 °C, respectively). WL also had greater
temperature fluctuations and a lower minimum monthly temperature than QY. These temperature
differences justified the use of Al in WL classifications as opposed to P alone, especially in arid and
semi-arid sites. WL had a more arid environment than ST and SR, even though ST and SR had
approximately 80 mm-year~! less precipitation than WL. Therefore, P was still the most decisive factor,
and Al showed a strong positive relationship with P (Al = 0.044 P + 10.26, p-value < 0.0001, Figure 2).
However, the relationship was not strong in the arid region. In our study, five out of seven sites (BG,
KK, SR, ST and WL) had an Al below 25 and were thus considered arid regions [61]. The other two
sites, QY and JS, had Al values of 48.3 and 64.9, respectively, and were categorized as mesic (Table 1).

70
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Aridity Index

3=1026+044x
(* =0.96, p <0.0001)

30 -

20 -

10 T T T T T T
0 200 400 600 800 1000 1200 1400
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Figure 2. Correlation between annual precipitation and aridity index.

3.2. Height and DBH

The heights and DBH of the trees differed significantly among the sites, especially between
temperate (QY and JS) and arid sites (BG, KK, SR, ST and WL) (Figure 3A, B). The average tree height
was highest in QY (16.23 £ 1.09 m), which was the second moistest site. The second highest tree
heights were recorded in the moistest site, JS (11.89 = 0.42 m) and were followed by KK (8.01 £ 0.44)
and the other arid sites, where Al and P were less than 25 and 400 mm-year~!, respectively. However,
there was no significant difference among the microenvironments of the arid sites (p-value = 0.24).

In contrast to height, the average DBH did not show any correlation to Al even though the three
most arid sites (KK, BG and WL) had the three largest DBH values (Figure 3B). In addition, the exact
ages of the trees, other than knowing that the trees were over 60 years old, could not be obtained due to
the hollow heartwood in some trees. Therefore, the ratio between height and DBH was used for further
analysis instead of DBH alone. Figure 3C shows the ratio between height and DBH with a correlation
between tree height and DBH. The heights of trees in the temperate forest were more than 40 times
greater than DBH (80 times in QY and 45 times in JS), but trees in arid areas had values between 25
and 30 without significant differences among sites (p-value = 0.20202). There was no difference among
arid sites (Table 2).
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Figure 3. Comparison of the growth characteristics of Siberian elm from Mongolia (Bayan Gobi, BG;
Khugnukhan, KK; Selenge Steppe, ST; Selenge River, SR), China (Qingyuan, QY; Wulanaodu, WL) and
Korea (Jeongseon, JS). (A) The average heights; (B) The average diameter; (C) The average ratio of
height to diameter. The different letters indicate significant differences according to Duncan’s multiple

range tests at a 5% significance level.

Shorter tree height during water shortages (Figure 3A,C) would be beneficial for the survival
of Siberian elm under dry conditions, not only by decreasing the risk of wind fall, especially in the
high windy areas of the Mongolian desert, but also by changing the hydraulic characteristics of trees.
The shorter trees in drier regions could have a lower soil-leaf potential gradient ({s—) due to
a lower gravitational water potential and increased leaf-specific hydraulic conductance [27,62-67].
Such adjustments in hydraulics enabled trees in arid areas to have a higher sap flux density and
stomatal conductance than the same species in mesic areas, particularly when the vapor pressure
deficit was low [27,65]. Thus, trees in arid areas would be able to sequester substantial amounts of
carbon while environmental conditions were favorable, such as during the morning hours prior to
stomatal closure [12,13,68-72].
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Table 2. ANOVA for the growth, leaf traits and WUE characteristics of the Siberian elm in the seven study sites and three types of microenvironments.
H DBH H/DBH LMA LS LT cT PT Ss SD Ag/Ay, WUE
Sampling Site Climate Type
(m) (cm) (g:em—2) (cm?2) (1m) (1m) (1m) (um?2) (numbers mm—2) (mm-mm~—1) (umol-mol—1)
BG Arid 773 +042a 29.16 +£1.99 cd 2827 £2.09a 0.015 + 0.00051 cd 587+ 0.34a 342.76 + 5.53 9.29 + 0.30 ab 234.67 + 6.85 930.30 + 54.16 b 221.77 £ 11.16 a 0.20 4 0.0089 a 7157 £7.00 b
KK Arid 8.01+044a 33.38 +1.61d 2533+172a 0.013 = 0.00034 be 8.42 +£0.63 ab 294.11 +9.44 8.78 £ 9.44 ab 179.47 +8.21 895.62 + 28.52 b 20848 +16.24a 0.19 £ 0.013 a 90.48 +5.49 ¢
ST Semi-arid 6.07 £0.50 a 25.46 £ 1.94 be 2452+ 1.60a 0.014 £ 0.00075 cd 11.74 £ 0.90 be 325.73 £+ 73.02 7.63 £0.37a 171.96 + 31.27 1034.94 +£51.33 ¢ 185.15 + 491 a 0.19 +0.0094 a 69.08 +4.96 b
SR Semi-arid 4.67 £045a 1799 £ 126 a 2590 +172a 0.012 = 0.00092 ab 9.04 £0.57 ¢ 306.69 + 22.02 10.26 + 1.40b 207.44 £+ 18.38 861.80 + 48.03 b 17647 + 6.37 a 0.15 + 0.0096 a 67.16 £ 1.35b
WL Semi-arid 7.67 £0.90 a 29.79 £1.62 cd 26.65+140a 0.015 + 0.00059 d 7.67 +0.43 ab - - - 749.97 +3.87 a 399.78 4 30.90 b 0.30 £0.022b 87.50 £3.90 ¢
QY Mesic 1623 £ 1.09¢ 20.91 + 1.69 ab 79.24 £342¢ 0.012 + 0.00058 ab 12.00 £2.18 ¢ - - - 1043.28 + 19.34c 43192 +25.63b 0.45 +£0.033 ¢ 6191 £3.73b
IE] Mesic 11.89 £042b 27.55 £ 1.54c¢ 4215+ 1.45b 0.011 +£ 0.00039 a 11.67 £ 090 ¢ 292.45 4 9.05 7.03 £ 0.38a 187.48 + 24.32 701.79 £ 11.78 a 642.87 +26.11 ¢ 0.45 +£0.022 ¢ 3290 £3.06 a
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.194 0.046 0.14 <0.0001 <0.0001 <0.0001 <0.0001
H DBH H/DBH LMA LS LT CcT PT Ss SD Ag/Ay, WUE
Microenvironment 2 2 3 2 1 1
(m) (cm) (g-em™2) (cm?) (pm) (pm) (pm) (um?) (numbers mm ~ %) (mm-mm™ 1) (pmol-mol ™ %)
Sand dune 7.70 £0.25b 29.48 £1.27 27.46 £1.25 0.015 £ 0.00039 ¢ 6.75+0.31a 342.76 + 5.53 9.29 £0.30 234.67 + 6.85b 835.63 +34.20 a 310.78 4+ 25.93 b 0.22 +£0.017b 79.48 £ 4.51
Steppe area 6.61 + 0.40 ab 26.97 £ 0.40 2557 £1.22 0.013 £ 0.00031 a 8.53 +0.52b 311.67 + 18.49 8.14 £0.41 17529 £16.87 a 965.28 + 32.74 b 196.82 + 8.68 a 0.19 £ 0.0080 b 78.82 £4.43
River side 6.07 £0.50a 25.46 £ 0.50 24.52 £1.60 0.012 £ 0.00012 a 11.74 £ 090 ¢ 306.69 & 9.56 10.26 £3.13 207.44 + 18.38 ab 861.80 4 48.03 ab 17647 £ 6.37 a 0.15 £ 0.0096 a 69.08 £ 4.96
p-value 0.018 0.25 0.35 <0.0001 <0.0001 0.328 0.138 0.061 0.025 <0.0001 0.003 0.35

H: height, DBH: diameter at breast height, H/DBH: height to DBH ratio, LMA: leaf mass per leaf unit area, LS: leaf size, LT: leaf thickness, CT: cuticle layer thickness, PT: palisade layer
thickness, SS: stomatal size, SD: stomatal density, As/A; : stomatal area per leaf unit area, WUE: water use efficiency; SE: Standard error; Different letters denote significant differences
according to Duncan’s multiple range tests at the 5% level of probability; The minimum number of samples from each site for H, DBH and H/DBH: 12, LMA and LS: 20, LT, CT, and
PT:5,SS, SD and Ag /Ay : 10, WUE: 6.
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3.3. Variation in Leaf Size, LMA and Leaf Thickness

The average leaf size increased logarithmically with the aridity index (Leaf size = 3.98 x In(AI) — 4.22,
p-value = 0.0168, Figure 4A), and there were significant differences among tree leaves in arid sites
with different microenvironments (Table 2). Trees in the mesic forests of JS and QY had larger leaves
(11.67 £ 0.90 cm? and 12.00 + 2.18 cm?, respectively) than trees in all arid areas except SR, which was
located on a riverside. Leaves in SR were significantly larger than in other arid sites, including sand
dunes and steppes (Table 2).

A reduction in leaf size can provide an efficient way for the Siberian elm to cope with hot
and dry weather conditions by reducing heat stress through convective cooling of the leaf surface
temperature [73,74]. Small leaves have higher boundary layer conductance than large leaves. This
high boundary layer conductance increases the leaves’ coupling with their surroundings, and as a
result, prevents the leaf surface temperature from reaching more than 2 °C above the atmospheric
temperature [74-76]. Considering that the hydraulic resistance of a leaf constitutes on average between
30% and 90% of the total plant hydraulic resistance, small leaf size and consequently a shorter
traveling distance within minor and fine veins increases the hydraulic and stomatal conductance [77,78].
In addition, a decrease in leaf size helps minimize photosynthesis loss during drought. As shown by
Breda et al. [79], trees under water and heat stress compensated for photosynthesis by having a smaller
leaf size with the same leaf area index as leaves formed during mesic years.

The value of LMA declined as the aridity index increased (LMA = 0.016 + (—8.0630 x 107%) x Al
2 =0.65, p-value = 0.0282, Figure 4B) and there were significant differences in LMA values among
arid sites with different microenvironments (Table 2). The highest value of LMA (153.9 g-cm~2) was
obtained from WL, a sand dune site, which had leaves with statistically higher LMA values than
leaves from the steppes and riverside (Table 2). The lowest LMA value (108.3 g-cm~2), which was
approximately 70% of the highest value, was obtained in JS, where the annual precipitation was the
highest among the study sites (1304 mm-year~!, Figure 4B).

Leaf thickness at five of the sites (not including WL, an arid sand dune, and QY, a temperate forest)
was not significantly different (Table 2, p-value = 0.194), even between mesic and arid areas (Table 2,
p-value = 0.194). However, the cuticle layer was significantly thinner in leaves in the temperate forest
than in leaves at other arid sites (Table 2, p-value = 0.046). The thickness of the palisade mesophyll
layer, however, was only marginally thicker in the leaves of trees in the sand dunes and BG compared
with the other microenvironments (Table 2, p-value = 0.061). An increase in LMA values, which
correlates with a dense distribution of the palisade cells and thick cuticle layer, is not considered a
hydraulic adjustment to dry conditions [77]. LMA is, however, one of several traits related to effective
photosynthetic performance that influences net gas exchange. A flux in net gas exchange results
from internal CO, conductance to the site of carboxylation, internal shading, competition among
carboxylation sites and nitrogen concentration and partitioning [28,33-35,76,80-82]. Thus, a large
proportion of high LMA species are from desert areas, open shrub lands or woodlands where drought,
nutrient limitations or both strongly inhibit tree growth [28,83].

Increased LMA and a thick cuticle layer in leaves at the arid sites, in addition to microenvironmental
conditions, especially differences in leaf LMA and cuticle layer between sand dune, steppes and
riverside (Table 2 and Figure 4B), could help U. pumila survive periods of environmental stress by
providing protective mechanisms. Several studies have shown an increase in total structural carbon
and lignin with high LMA, while others have shown a decrease in organic acids, minerals and
proteins [84,85]. Increased structural carbon and lignified tissue are important for leaf toughness,
tolerance to low water potential and resistance to herbivores [86-89].
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Figure 4. Comparison of the leaf characteristics from seven sampling sites. (A) Individual leaf size
(cm?). The line indicates logarithmic regression of leaf size (cm?) based on the aridity index. The error
bar is one standard error. The statistics were calculated excluding the circled site; (B) Leaf mass per
unit leaf area (g-mfz, LMA). The line indicates the linear regression of the LMA (g-m*Z) based on
average annual precipitation.

3.4. Variation in Ag/AL,

The stomata were present only on the abaxial (lower) leaf surface at all study sites. They were
all oval-shaped (Figure 5A), but significant differences were found in stomatal width, length and size
in leaves from the various study sites (p-value < 0.0001, Figure 5B). Although there was no apparent
relationship between stomatal size and aridity, stomatal density showed a significant correlation with
aridity (Ds = —675.65 + 301.15 x In (1 AIl), 2 =072, p-value = 0.0158, Figure 5C). Trees at the site with
the most precipitation, JS, had three times more stomata than those at the riverside site in SR. Trees at
sand dune sites (WL & KK) had higher stomatal density than that within other microenvironments
(maximum p-value = 0.009).

The stomatal area per unit leaf area (As/Ar) also increased as the aridity index increased (as the
annual precipitation increased with a plateau over 700 mm) (As/A = —0.5 + 0.23 x In (Al), > = 0.81,
p-value = 0.0061, Figure 5D). Similar to stomatal density, tree leaves in sand dune areas had higher
Ag /Ay than those in other arid microenvironments (maximum p-value = 0.035), while those at the
riverside site, SR, had the lowest value.

Figure 5. Cont.
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Figure 5. (A) Image of Siberian elm stomata from JS. w is stomata width, and / is stomata length.
Bar = 10 um; (B) Average size (width x length); (C) The stomatal density along the aridity index
gradients from the seven previous sites; (D) The stomatal area per unit leaf area along the aridity index
gradients from the seven previous sites.

Stomatal size, density and area per unit leaf area are important factors in controlling the rate of
photosynthesis through stomatal conductance, and they are especially important for determining the
maximum stomatal conductance. A number of studies reported that smaller stomata, with their higher
cell surface area to volume ratio, responded faster to environmental changes, and in combination with
high stomata density, were more efficient in reaching maximum or normal operating conductance
under favorable conditions and in closing rapidly under harsh environments [29,37,43,90,91]. Although
U. pumila showed no significant relationship between stomatal size and aridity index, the stomatal
density and stomatal area increased significantly as the aridity index increased (Figure 5B-D). However,
the leaves of trees on sand dunes had an overall smaller stomatal size than those in steppes and by
riversides (although not significantly different) and a significantly larger stomatal density and area
(Table 2). The combination of smaller stomatal size and larger stomatal density could potentially help
U. pumila in sand dune areas respond faster to environmental changes, especially with their additional
small leaf size (Table 2).
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3.5. Variation of Intrinsic WUE

The intrinsic WUE of the Siberian elm, calculated using the equation in Saurer et al. [59], was
different at each site (p-value < 0.0001, Table 2) and decreased as Al increased (WUE = 97.11 + (—0.92)
x Al, r*> = 0.76, p-value = 0.0102, Figure 6). The WUE of Siberian elm from the riverside, steppes and
sand dunes was higher, with average values of 69.08 £ 4.96, 78.82 & 4.43 and 79.48 £ 4.51 (umol CO,
mol~! H,0), respectively. There was no difference among arid microenvironments (p-value = 0.349).

Many studies have shown that dry-tolerant species exhibit a lower C;/C, value due to a less
pronounced discrimination against heavier carbon, 13C, than mesic species [69,92]. Generalist species,
including willow and elm, have a lower minimum stomatal conductance and greater WUE than
wetland species [93]. In our study, intrinsic WUE was negatively correlated with the mean annual
precipitation and aridity index, indicating that the Siberian elm responded to dry conditions by using
intracellular CO; and closing their stomata (Figure 6). However, we could not find any significant
differences in WUE among arid sites, most likely because the carbon isotope composition is determined
not only by water availability but also stomatal limitation. Interestingly, although stomatal density
and area were higher in tree leaves in the sand dunes than in the steppes and riverside, the WUE in
these different arid microenvironments did not differ (Table 2).

100

90 1
80
70 1
60 1
50 1

WUE (mmol mol™)

40 1 y=97.11+(-092) xx
30 - (+*=0.76,p=0.0102) *

20 T T T T T
10 20 30 40 50 60 70
Aridity Index

Figure 6. Water-use efficiency (WUE) of the Siberian elm leaf samples. The line indicates regressions of
WUE versus annual precipitation (2 = 0.76).

We also compared our foliar §'3C data to those of Stewart et al. [18], who found a strong
relationship between the §'3C values averaged for each of their study sites where annual precipitation
ranged from 350 to 1700 mm. A total of 348 species from 12 families was used (Figure 7). Although our
study sites showed a stronger discrepancy than the average data set of Stewart et al. [18], they were
generally within the same range as sites with similar precipitation levels. U. pumila also showed
a linear decrease in $'>C with increasing precipitation from 300 to 1300 mm-year—!. However,
Schulze et al. [19] reported that the ‘community-averaged’ carbon isotope value remained constant
between 450 and 1800 mm of rainfall. In our studies, among arid and semi-arid areas where annual
precipitation is less than 400 mm-year—!, the §!3C of U. pumila was lower than that reported by
Schulze et al. [19]. Thus, U. pumila showed more efficient water usage than the average community
studied by Schulze et al. [19] and is likely the reason why these trees can survive within such a wide

precipitation range.
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Figure 7. Carbon isotope composition (%o, 3130), adopted from Stewart et al. [18], and Siberian elm
leaf samples. ys; denotes regression data from Stewart et al. [18] and y, denotes regression of §13Cin
Siberian elm versus annual precipitation (mm).

4. Conclusions

The morphological and physiological differences of the mature Siberian elm trees across mesic
and arid habitats, encompassing a variety of microenvironments, are highlighted in this study. Mature
Siberian elm trees display significant variation in phenotypic traits such as leaf size, LMA, As/A.
and intrinsic WUE along different annual precipitation gradients and aridity levels. As aridity levels
decrease, Siberian elm trees appear to increase their WUE by increasing their LMA and decreasing
their leaf size and As/A.. In addition, among arid sites, trees on sand dunes had a smaller leaf size,
higher leaf mass and thicker leaf cuticle layer than those in steppes and by a riverside. However,
both stomatal density and area were higher in the leaves of trees growing on sand dunes than at any
other sites. When taken together, the above results suggest that Siberian elm trees employ a variety of
strategies to survive under arid conditions.

From our studies, it could be concluded that the Siberian elm can adapt to survive in a harsh
water-deficient environment and is thus suitable for the rehabilitation of degraded arid areas such as
those found in Mongolia, China’s Inner Mongolia and North Korea. Especially considering that the
Siberian elm is an indigenous species of those areas, it is recommended for use over other imported
species for rehabilitation.
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