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…We caused to grow gardens … Therewith We give (new) life to a dead land.  

 

        The Koran, Sura 50: 9-11 

 
… And out of the ground made the LORD God to grow every (tree) that is pleasant to 

the sight, and good for food …  
 

                                                                       The Bible, Genesis 2:9 



ABSTRACT 
 

Land degradation in the irrigation-based production systems of Uzbekistan impedes the 
country’s agricultural development. The adverse effects of land degradation are ubiquitous in 
the Khorezm Region in the north-west of Uzbekistan, as its entire irrigated area is affected by 
various degrees of soil salinity and hydromorphy. Afforestation, as an option to mitigate land 
degradation, necessitates a judicious selection of multipurpose tree species (MPTS) to make use 
of the otherwise unproductive land and lower the elevated groundwater table (GWT) via 
biodrainage.  

During 24 months, root system establishment, dry matter (DM) production, quality of 
fodder and fuelwood, and transpiration of 10 MPTS were studied on sandy and loamy slightly 
saline soils under adequate irrigation. The ANOVA revealed superior biomass growth of 
Elaeagnus angustifolia L. and Tamarix androssowii Litv., respectively producing up to 3.9 and 
3.6 kg tree-1 of utilizable above-ground DM by the age of three years. E. angustifolia showed a 
high potential for rapid establishment evidenced by root elongation of over 100 m tree-1. Wood 
of T. androssowii, Prunus armeniaca L. and Populus nigra var. pyramidalis Spach exhibited 
relatively high calorific values ranging from 14.4-16.2 MJ DM kg-1. Elaeagnus angustifolia and 
Morus alba L. offered good leaf fodder with a crude protein content of 216 and 117 g DM kg-1, 
respectively, which is superior to the feed quality of alfalfa hay. Mean daily transpiration, 
measured with a steady state porometer, differed significantly among the species (p<0.001) 
ranging from 4.5-5.2 mmol m-2 s-1 for P. armeniaca to 4.5-10.0 mmol m-2 s-1 for E. angustifolia. 
The N-fixing E. angustifolia performed best overall, followed by Populus euphratica Oliv. and 
Ulmus pumila L.  

Based on the results of the species assessment, a two factorial split-plot experiment 
was designed on salt-affected marginal land to evaluate the establishment, growth and 
transpiration of the latter three species over a period of 24 months. The trees were subjected to 
deficit irrigation amounting to less than 40% of the locally recommended watering quantity of 
4,000-8,000 m3 ha-1. Irrigation water was applied via traditional furrows and using a water 
saving drip technique.  

Mixed linear model analysis showed that drip irrigation enhanced growth of P. 
euphratica by a factor of 7-12 compared with the performance under furrow irrigation. The 
other species were insensitive to the irrigation technique used. E. angustifolia produced about 
43 t ha-1 of above-ground DM, which was 2-3 times higher than the production of other species. 
Species differences in mean daily transpiration were significant (p<0.01). Transpiration of 3-
year-old trees during the season ranged within 6.5-11.0 mmol m-2 s-1 for E. angustifolia, 5.0-9.4 
mmol m-2 s-1 for U. pumila, and 4.0-5.5 mmol m-2s-1 for P. euphratica. This was comparable 
with transpiration by these species at the slightly saline sites. Irrigation enhanced transpiration 
during the first growing season but had no further effect when trees accessed the GWT. The 
annual stand transpiration, determined with the Penman-Monteith approach, amounted to 1830, 
1470, and 730 mm for E. angustifolia, U. pumila and P. euphratica, respectively. Multiple 
regression analyses showed that meteorological factors only to a limited extent could explain 
the variations in transpiration. The strong physiological control of transpiration was confirmed 
by the decoupling coefficient ranging from 0 to 0.3. All species tolerated average root-zone 
salinity of 8-13 dS m-1 with no reduction in growth, under conditions of a 0.9-1.5 m deep GWT 
with the moderate salinity of up to 6 dS m-1.  

The observed tree growth and transpiration revealed the good productive and 
biodrainage potential of plantations on degraded land. The biological, physiological and socio-
economic criteria used for the species assessment suggest that E. angustifolia as well as U. 
pumila would be suitable for the afforestation. In contrast, P. euphratica, although a major 
species of the native forest, is less appropriate due to its low survival rates and less suitable for 
biodrainage due to its relatively conservative water use. Applying costly drip irrigation systems 
for forest establishment would be unnecessary for sites where a shallow, slightly-to-moderately 
saline GWT prevails throughout the growing season.  



KURZFASSUNG 
 

Landdegradation im Bewässerungsfeldbau von Usbekistan wirkt sich negativ auf die 
landwirtschaftliche Entwicklung aus. Dies ist in der Region Khorezm, die im 
Nordwesten Usbekistans liegt, allgegenwärtig, da das gesamte bewässerte Gebiet durch 
verschieden starke Bodensalinität sowie unzureichende Drainagesysteme beeinflusst ist. 
Aufforstung, als Option zur Reduzierung der Landdegradation, erfordert eine 
vernünftige Auswahl geeigneter „Mehrzweckbaumarten“ (MZBA), um ansonsten 
unproduktives Land nutzbar zu machen, und um durch Biodrainage den 
Grundwasserspiegel (GWS) abzusenken. 

Wurzelbildung, Aufbau von Trockensubstanz (TS), Qualität von aus Bäumen 
produziertem Futter und Brennholz, sowie Transpiration von zehn MZBA wurden über 
24 Monate auf Standorten mit sandigen und lehmigen, leicht salzhaltigen Böden unter 
adäquater Bewässerung erfasst. ANOVA ergab eine höhere Biomasseproduktion von 
Elaeagnus angustifolia L. und Tamarix androssowii Litv., die im Alter von 3 Jahren bis 
zu 3,9 bzw. 3,6 kg nutzbare überirdische TS pro Baum bildeten. E. angustifolia hatte 
zudem ein hohes Potenzial sich schnell zu etablieren (Wurzellängenwachstum von 
insgesamt über 100 m pro Baum). Holz von T. androssowii, Prunus armeniaca L. und 
Populus nigra var. pyramidalis Spach hatte relativ hohe Brennwerte von 14,4–16,2 MJ 
TS kg-1. Mit einem Rohproteingehalt von 216 bzw. 117 g TS kg-1 lieferten die Blätter 
von E. angustifolia and Morus alba L. gutes Futter, das die Qualität von Luzerneheu 
übersteigt. Die mittlere tägliche Transpiration, die mit einem ’Steady State Porometer’ 
gemessen wurde, unterschied sich signifikant zwischen den Arten (p<0,001). Sie reichte 
von 4,5-5,2 mmol m-2 s-1 bei P.armeniaca bis zu 4,5-10 mmol m-2 s-1 bei E. angustifolia. 
Die Stickstoff fixierende Art E. angustifolia zeigte hierbei die höchsten Werte, gefolgt 
von Populus euphratica Oliv. und Ulmus pumila L. 

Basierend auf den Ergebnissen der Artenuntersuchung wurde ein zwei-
faktorielles split-plot Experiment auf salinen Marginalstandorten angelegt, um 
Etablierung, Wachstum und Transpiration dieser letztgenannten drei Arten über 24 
Monate hinweg zu beobachten. Die Bäume wurden einer reduzierten Bewässerung 
unterworfen (<40% der lokal empfohlenen Bewässerungsmenge von 4000-8000 m3 ha-

1). Bewässert wurde durch traditionelle Furchenbewässerung und mit der Wasser 
sparenden Tropfenbewässerungsmethode. 

Gemischtlineare Modellanalysen ergaben, dass das Wachstum von P. 
euphratica bei der Tropfenbewässerung im Vergleich zu Furchenbewässerung um den 
Faktor 7-12, gesteigert wurde. Die andern Arten zeigten sich unempfindlich gegenüber 
der Bewässerungsart. Mit 43 t ha-1 bildete E. angustifolia 2- bis 3-mal soviel 
oberirdische TS wie die anderen Arten. Die mittlere tägliche Transpiration variierte 
zwischen den Arten signifikant (p<0,01). Die Transpiration innerhalb der 
Vegetationsperiode der dreijährigen Bäume rangierte von 6,5-11,0 mmol m-2 s-1 bei E. 
angustifolia, über 5,0-9,4 mmol m-2 s-1 bei U. pumila, bis zu 4,0-5,5 mmol m-2s-1 bei P. 
euphratica. Dies war vergleichbar mit der Transpiration dieser Arten auf leicht salinen 
Standorten. Dabei wurde die Transpiration durch Bewässerung nur während der ersten 
Vegetationsperiode gefördert, wurde aber nicht weiter beeinflusst, wenn die Bäume den 
Grundwasserspiegel erreichten. Die jährliche Bestandstranspiration, die mit der 
Penman-Monteith Methode bestimmt wurde, betrug bei E. angustifolia, U. pumila und 
P. euphratica 1830, 1470 bzw. 730 mm. Multiple Regressionsanalysen ergaben, dass 
die meteorologischen Parameter die Transpirationsunterschiede zwischen den 



unterschiedlichen Arten nur bedingt erklären können. Die starke physiologische 
Kontrolle der Transpiration wurde durch starken den Entkopplungskoeffizienten 
(decoupling coefficient), der zwischen den Arten von 0 bis 0,3 rangierte, bestätigt. Alle 
Arten tolerierten einen durchschnittlichen Salzgehalt von 8-13 dS m-1 in der 
Wurzelzone und zeigten keine Wachstumseinschränkungen bei hohem 
Grundwasserstand (0,9-1,5 m) mit moderater Wassersalinität bis zu 6 dS m-1.  

Beobachtetes Baumwachstum und Transpiration  zeigten das gute Wachstums- 
und Biodrainagepotenzial von Baumpflanzungen auf degradierten Flächen. Die zur 
Artenbeurteilung herangezogenen biologischen, physiologischen und 
sozioökonomischen Kriterien ergeben, dass sowohl E. angustifolia, als auch U. pumila 
zur Aufforstung geeignet sind. Im Gegensatz dazu, ist P. euphratica, obwohl eine 
dominante Art in den heimischen Wäldern, durch ihre niedrigen Überlebensraten 
weniger zur Aufforstung und wegen ihres relativ konservativen Wasserverbrauchs 
weniger gut für Biodrainage geeignet. Zur Etablierung von Wäldern auf Standorten mit 
in der Vegetationsperiode vorherrschendem hoch anstehendem, leicht bis moderat 
salzhaltigem Grundwasserspiegel wäre keine teure Tröpfchenbewässerungsanlage 
notwendig. 
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CEC   Cation exchange capacity 
CP   Crude protein 
CV   Calorific value 
DM   Dry matter 
dO   Digestibility of organic matter 
E   Transpiration per unit leaf area  
EC   Electrical conductivity 
ET   Evapotranspiration 
FC   Field capacity 
FVI   Fuelwood value index 
ga   Aerodynamic conductance 
gc   Canopy conductance 
gs   Stomatal conductance 
GLM   General Linear Model 
GW   Groundwater 
GWT   Groundwater table 
LA   Leaf area 
LAI   Leaf area index 
LAR   Leaf area ratio 
LWR   Leaf weight ratio 
MaP   Months after planting 
ME   Metabolizable energy 
MPTS   Multipurpose tree species 
NAR   Net assimilation rate 
PEG   Polyethyleneglycol 
PFD   Photon flux density 
RLD   Root length density 
RGR   Relative growth rate  
RGRH   RGR in height 
RGRD   RGR in diameter 
RH   Air relative humidity 
RSR   Root/shoot ratio 
RWR   Root weight ratio 
SLA   Specific leaf area 
T   Air temperature 
VPD   Vapor pressure deficit 
WP   Wilting point 
WU   Water use 
WUE   Water use efficiency 
MR    Multiple regression



General introduction 

1 

1 GENERAL INTRODUCTION 

 

1.1 Problem setting 

Following the collapse of the Soviet Union in 1991, the five socialistic Central Asian 

republics declared their independence. Among these, Uzbekistan has the largest 

population numbering 24.3 million people in 2003, over 60 % of whom live in rural 

areas. The country relies heavily on irrigated agriculture, whose contribution to the 

national economy comprised 24% of the GNP, 60% of the foreign currency income, and 

45% of employment (Uzgipromeliovodhoz, 2003). Uzbekistan is the main water 

consumer among the five Aral Sea Basin countries, annually using over 50 km3 of water 

for agriculture, domestic and industrial purposes, which is about a half of the entire 

basin water budget (Djalalov et al., 2005). Together with Turkmenistan, Uzbekistan 

consumes 83% of the water resources generated in the Aral Sea Basin although the two 

countries “produce” less than 13% of this water. Between 1960 and 1999,  the irrigated 

area in the Aral Sea Basin expanded from about 4.5 to almost 7.9 million ha, and this 

area was mainly allocated to the monoculture of the cash crop cotton (UNEP, 2000). 

However, a negative side effect of this impressive expansion is increasing land 

degradation and desertification (UNEP and Glavgidromet, 1999). 

Land degradation is defined as a temporary or permanent decrease in the 

productive capacity of land caused by geological, geo-morphological and/or human-

induced factors (Katyal and Vlek, 2000). A recent global assessment of land 

degradation showed that about 21% of the presently cultivated land has been 

irreversibly degraded (FAO, 2000). In Uzbekistan, about 24% of the land suffers from 

light to severe chemical and physical soil degradation mainly caused by agricultural 

activities. Of this, 13% has been severely degraded mainly during the past 40 years 

“with no possible reclamation at a farm level” (FAO, 2000).  

Soil conditions heightening the risk of land degradation in Uzbekistan include 

salinity, sodicity, hydromorphy, soil shallowness, and risk of erosion (FAO, 2000). 

Among these, soil salinity and sodicity are the most severe affecting 53% of the 

country’s arable land. The annual losses in Uzbekistan due to land degradation have 

been estimated as USD 31 million, while withdrawal of highly salinized land out of 

agricultural production has cost USD 12 million (World Bank, 2002). Uzbekistan’s 
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Khorezm region in the lower reaches of the Amu Darya River is particularly threatened 

by secondary soil salinization with its entire irrigated land suffering from salinity 

(Uzgipromeliovodhoz, 2003). On the low-lying, flat land of Khorezm, the risk of soil 

salinization is aggravated by hydromorphic and poor drainage conditions. 

The rapid expansion of irrigated agriculture in Central Asia has greatly reduced 

the flow of the two major rivers that naturally terminated in the Aral Sea, i.e., the Amu 

Darya and Syr Darya. This shortage has led to drying of the Aral Sea and desertification 

of its adjacent area, known worldwide as the “Aral Sea syndrome” (UNESCO, 2000). 

The desiccated bed of the Aral Sea has become one of the major sources of active wind 

erosion, which affects 56% of the irrigated area in Uzbekistan, imposing risk for land 

degradation. It has been estimated that during strong dust storms as much as 1.5-6.5 t 

ha-1 of dust containing 260-1,000 kg ha-1 of toxic salts is carried out from the former 

Aral Sea bed onto adjacent lands (UNEP and Glavgidromet, 1999). Khorezm, along 

with neighboring Karakalpakstan, is the largest populated area affected by the 

consequences of the Aral Sea disaster. Both areas have received relatively little 

international donor and research attention (Small and Bunce, 2003). 

 

1.2 The potential and challenge of afforestation of degraded land 

The reduction in natural desert, riparian and mountainous forest cover has also 

contributed to the advancing desertification process in the area. An overview of the 

forest resources in Central Asia for the period 1983-1993 show a 4-5-fold decrease, 

resulting mainly from agricultural expansion. In the past, large parts of the land under 

the desert saksaul (Haloxylon spp.) forest in the Bukhara Region, the riparian tugai 

forests of Khorezm, Karakalpakstan and the Ferghana Valley of Uzbekistan were 

handed over to the agricultural sector (Khanazarov and Kayimov, 1993), thus 

decreasing the forest cover to 7.7% of the country’s territory by 1993. Of this, 85% is 

represented by the desert vegetation whose average height does not exceed 4 m (FAO, 

2005). Another reason for the reduction in the forest cover is continuous anthropogenic 

pressure such as overgrazing, felling for fuelwood, and secondary soil salinization 

(UNEP and Glavgidromet, 1999).  

In 1999, Uzbekistan prepared its National Action Programme to combat land 

desertification in the country (UNEP and Glavgidromet, 1999). Program measures 
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included land afforestation particularly on the desiccated bed of the Aral Sea 

(Khanazarov and Novitsky, 1990), as well as on its periphery, to protect agricultural 

land from wind erosion and sand deposition. Within irrigated areas, tree shelterbelts 

have been planted to protect the adjacent cropped fields. These measures have been 

guided by previous numerous studies throughout Uzbekistan (Botman, 1988; Kayimov, 

1986; Kayimov, 1993), which noted the ameliorative effects of the shelterbelts such as 

yield increases on adjacent agricultural fields by 15-20%.  

In the meantime, afforestation of degraded land, abandoned from agricultural 

use, has not received much attention, although various studies in Uzbekistan have 

examined the salinity tolerance of various tree species and the use of saline water for 

forest production (Fimkin, 1972). For afforestation of marginal land, species selection 

based on thorough screening must be addressed. However, past species assessment 

studies have mostly used the limited conventional height/diameter measurements to 

evaluate tree performance (Fimkin, 1983; Makhno, 1962). In a few cases, tree above-

ground dry matter production was measured (Khanazarov and Kayimov, 1993), and 

even less information has been collected on root biomass, structure, and dimension 

although these are key physiological parameters for the assessment of species suitability 

for afforestation (Heuperman et al., 2002). 

Fast root growth and biomass development, characterizing ease of 

establishment on marginal land, are important but not exhaustive features that suitable 

species must possess. Knowledge of the water use characteristics of salinity-tolerant 

species would facilitate the selection of appropriate trees for planting over the 

predominant shallow groundwater tables (GWT), which would enhance water discharge 

through biodrainage and, by this, mitigate the problem of waterlogging (Heuperman et 

al., 2002). However, available information on transpiration by various species under the 

typical agro-climatic conditions in Khorezm has been largely insufficient and needs to 

be supplemented to make better-informed decisions on the selection of tree species for 

afforestation. To date, most studies have used destructive gravimetric measurements of 

leaf water loss, which have a number of limitations. No data from direct non-destructive 

measurements, such as those using a sap flow meter or porometer, commonly used 

elsewhere to determine tree water use (e.g., Heuperman et al., 2002), have been found 

for tree species in Central Asia. 
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In addition to using selection criteria measuring the ecological advantages of 

various species on marginal land, tree species should be selected that provide direct 

benefits to farmers, such as producing wood for fuel and construction and/or fodder for 

livestock (Lamers, 1995; Rockwood et al., 2004). Although fuelwood consumption is 

significant in Uzbekistan (UNFCC, 2001), no comprehensive database on fuelwood 

characteristics has been established yet. The information on fodder quality of perennial 

vegetation in Uzbekistan mostly covers rangeland species, while data on tree feed is 

sparse (Gintzburger et al., 2003). 

Field experiments with trees are usually long-term; however, there is often an 

urgent demand for species assessment. Therefore, there is an interest in complementing 

the conventional methods of tree-growth evaluation employed by foresters with 

appropriate assessment methods used in ecologically oriented studies that estimate 

relative growth rates and are of very short-term duration (e.g., Poorter, 2002; Poorter 

and de Jong, 1999). A combination of these methods may offer additional options for 

early assessment of growth, thus counterbalancing the disadvantages of both methods 

and providing for better-informed species selection decisions. 

The establishment of forest on marginal lands, even with salt-tolerant species, 

requires irrigation during the initial stage of growth before sole reliance on available 

groundwater resources can become possible. However, the availability of irrigation 

water, particularly on marginal lands is limited. Hence, there is a need for assessment of 

water saving techniques, such as irrigation via drip, which has been adopted for tree 

growing in other arid regions of the world (Andreu et al., 1997; Levy et al., 1999). A 

large body of literature on the use of drip irrigation in Uzbekistan exists (SANIIRI, 

1995), but there is little information on the use of this technology for forest 

establishment on marginal lands. 

The Khorezm region has been targeted in the current study as it is one of the 

areas in Central Asia most strongly affected by land degradation. It is hoped that the 

findings of this study will support efforts of afforestation of the degraded landscapes not 

only in the intervention region but also in other areas of Central Asia suffering from 

similar problems of land degradation. 
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1.3 Research objectives 

Considering the existing data gaps and the deficiencies in proven methodological 

approaches to tackle them, the overall goal of this research was to identify appropriate 

tree species and irrigation techniques for afforesting degraded land in the Khorezm 

region. This information is expected to aid decision-making in the region regarding 

landscape ecological improvements via bio-amelioration. The specific research 

objectives were to:  

i. Determine the most suitable tree species for afforestation based on the 

morphological and physiological characteristics of trees including root 

establishment, dry matter production and growth rates, as well as water use and 

salinity tolerance, and the socio-economic criteria such as quantity and quality of 

fuelwood and fodder; 

ii. Evaluate plantation establishment, growth and water use on marginal land for 

tree species selected as a result of (i).  

iii. Assess and compare the suitability of water saving drip and traditional furrow 

irrigation techniques for forest establishment on marginal land. 

 

1.4 Outline of the thesis 

The thesis is structured into eight chapters. Following this general introduction, the 

geographical, agro-climatic and other key characteristics of the Khorezm study region 

are described in Chapter 2 to facilitate understanding of the empirical findings presented 

in the subsequent chapters. Chapter 3 presents and discusses the results of the 

comprehensive assessment of 10 multipurpose tree and shrub species planted on 

experimental plots with two different soil types to determine species suitability for 

afforestation. Chapter 4 contributes to the subject of appropriate tree species selection 

methodologies by presenting results of an alternative, eco-physiological approach for 

combination with the conventional biomass production assessment used in Chapter 3. 

Chapter 5 presents findings on water use characteristics of the tree species and discusses 

their biodrainage potential. Chapter 6 discusses the results of the evaluation of 

establishment and growth of the three species selected as most suitable (Chapter 3) 

under various irrigation modes on marginal land. Chapter 7 is dedicated to the water use 

performance of the three tree species grown on marginal land and the estimation of 
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potential biodrainage effect of the afforestation. Although each chapter includes a set of 

conclusions and recommendations relevant to that chapter, Chapter 8 provides an 

overall summary of conclusions and recommendations.  
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2 STUDY REGION 

 

2.1 Geographical and demographical information 

The Khorezm Region is located in the northwest of Uzbekistan, in the lower reaches of 

the Amu Darya River, which is the major water source for all water sectors in Khorezm. 

This smallest administrative district of Uzbekistan covers an area of about 5,600 km2 

and is spread between 60.05 and 61.39 N and 41.13 and 42.02 E of the Greenwich 

meridian, or about 225 km south of the remainders of the Aral Sea (Figure 2.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.1:  Location of the study region 
 

Given its downstream location on the Amu Darya, Khorezm is one of the final 

receivers of the river’s water supply — a supply that in recent years has become 

reduced and increasingly unstable because of upstream utilization (Djalalov et al., 

2005). Khorezm has become particularly susceptible to short- and long-term droughts, 

of which the most recent during the 2000 and 2001 growing seasons resulted in  major 

crop failures (WHO, 2001). Consequently, the agricultural GDP has become one of the 
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lowest in Uzbekistan (Djalalov et al., 2005). The socio-economic and public health 

situation in the region has been further compromised by the geographic proximity to the 

ecologically degraded Aral Sea area. 

Khorezm borders the Karakum and Kizilkum deserts to the south and east, the 

Amu Darya River to the northeast, the Autonomous Republic of Karakalpakstan to the 

north, and the Republic of Turkmenistan to the southwest. The population numbered 

some 1.4 million in 2002, with a density of 228 persons per km2 (Djalalov et al., 2005). 

The population growth rate has averaged 2.8% over the past 11 years (MMS, 1999). 

Khorezm is divided into ten administrative districts and has an administrative center in 

the capital city of Urgench, which is inhabited by 137,600 people. About 77% of 

Khorezm’s population resides in rural areas and is engaged in cotton, wheat and rice 

production, as well as in animal husbandry and sericulture (Djalalov et al., 2005).  

 

2.2 Climate 

The Khorezm Region belongs to the Central Asian semi-desert zone with an extremely 

continental climate (Glazirin et al., 1999). The long-term annual precipitation of 80-100 

mm falls mostly outside the growing season in the fall-winter period (Figure 2.2). 

  

 

 

 

 

 

 

 

 

 
Figure 2.2:  Average precipitation, maximum and minimum air temperature (Tmax and 

Tmin), and relative air humidity (RH) for the period 1980-2000 (Source: 
Urgench meteorological station) 

 

The precipitation is greatly exceeded by the local evapotranspiration potential of 

about 1,600 mm year-1 (Glavgidromet, 2002). As such, large-scale crop cultivation 

inevitably requires irrigation. The mean annual air temperature is approximately 13°C, 
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while the absolute daily maximum and minimum temperatures may reach +45°C and -

28°C, respectively (Djalalov et al., 2005). For the period 1980-2000, the coldest month 

was January with a mean temperature of -2.2°C, while the monthly temperature of the 

hottest month, July, averaged 28.2°C. Mean relative air humidity ranged from 43 to 

81% throughout the year (Figure 2.2). The yearly frost-free period averaged 205 days. 

Wind activity is observed throughout the year mostly from the northern-east 

direction with an average wind speed of 1.4-5.5 m s-1 for the period 1982-2000 

(Glavgidromet, 2002). Detailed meteorological information for the three study years 

2002-2004 is presented in subsequent chapters. 

 

2.3 Relief, geomorphology, hydrogeology and soils 

Formation of the soil lithological profile in Khorezm was chiefly influenced by the 

meandering Amu Darya River which carried and deposited sediments along its banks 

and in depressions (Nurmanov, 1966). According to  Fayzullaev (1980), alluvial 

deposits along the meanders mostly consist of sand, while depressions are mainly filled 

with loam and clay. Subsequently, soils originating from these alluvial deposits are 

heterogeneously stratified and, within the area currently used for agriculture, dominated 

by clayey, loamy and sandy-loamy textures (Nurmanov, 1966).  

According to the FAO classification, four soil types can be identified within 

Khorezm: mostly aridic and gleyic calcaric (sodic) Arenosols and calcaric Cambisols, 

while gleyic humus Fluvisols are commonly found along the Amu Darya River (SAE, 

2001). Organic matter in these soils ranges from 0.7 to 1.5 g 100 g-1, while the cation 

exchange capacity varies between 5-10 cmol(+) kg-1. Total nitrogen (N) and phosphorus 

(P) contents in Khorezm soil types are also low, usually ranging between 0.07-0.15% 

and 0.10-0.18%, respectively. Available potassium (K) content is classified as low or 

moderate (Fayzullaev, 1980). Consequently, the natural fertility of the soils in Khorezm 

is characterized as rather low, and cultivation of most agricultural crops requires high 

inputs of chemical fertilizers. 

The relief of the Khorezm Region is mostly flat with insignificant slopes. Slow 

lateral groundwater (GW) flow, averaging 19-26 mm year-1 (Kats, 1976), as well as 

prevailing heavy soil textures and climate aridity restrict GW outflow and increase 

evaporative losses. These adverse natural drainage conditions, aggravated by excessive 
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irrigation and poorly maintained drainage systems, often result in elevated GWTs. The 

evaporation of the shallow GWTs has caused a secondary soil salinization throughout 

the entire irrigated area of Khorezm (Abdullaev, 2002). Moderate and highly saline soils 

are mostly concentrated in the Khazarasp (86%), Koshkupyr (77%), and Yangibazar 

(51%) districts. In the other districts, such soils are found on about 32% of the irrigated 

land (MMTU, 1997). As a result, leaching is widely practiced to flush salts from the soil 

profile in advance of seasonal crop planting, which otherwise would be hardly feasible.  

Fluctuations of the GWT in the region are mostly driven by irrigation and 

leaching activities (Ibrakhimov et al., 2004). Typically, GWTs may rise up to 1.2-1.4 m 

during the growing period, March to August, and fall in October down to about 1.8 m. 

Despite the shallow levels of the GWT in Khorezm, GW use for irrigation is limited due 

to the high energy expenses required for pumping in conditions of extremely slow 

lateral subsurface water movement (Katz, 1976). Another important reason restricting 

the utilization of GW is its salinity level, mostly inappropriate for crops.  

During 1988-2001, the land area of Khorezm with GW levels shallower than 

2.0 m averaged 84%, while areas with elevated GW salinity of 3-10 g l-1 averaged about 

10% of the total irrigated area (MAWR, 2001). Such conditions require continuous 

operation of a well functioning artificial drainage system (Mukhammadiev, 1982). 

However, given the shallow GWTs and increasing land salinization in Khorezm it can 

be concluded that the current draining and carrying function of the irrigation and 

drainage network is unsatisfactory (Ibrakhimov, 2005).  

 

2.4 Irrigation and drainage network 

Khorezm’s extensive irrigation network and complementary drainage water collectors 

were mostly constructed in the 1960s (Katz, 1976). Water from the Amu Darya River is 

channeled to agricultural fields by gravity through a hierarchically arranged irrigation 

network including main, inter-farm, and on-farm canals. Compared to the whole Aral 

Sea Basin, the Khorezm Region, which makes only 3% of the total area, has a 

comparatively very dense network (Table 2.1). Yet, only 11% of these canals are lined 

(Vodproject, 1999), greatly reducing the amount of water that ultimately reaches 

agricultural fields. Mostly surface irrigation is practiced that includes 64% furrow, 31% 

strip and 5% basin irrigation (Abdullaev, 2002).  
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The drainage system is mainly open horizontal. Drainage water is conveyed 

via hierarchically constructed collectors from the irrigated fields into numerous small 

lakes and depressions outside of the irrigated area. The main repository is the 

Sarykamish Depression, which was formerly connected with the Aral Sea. 

 

Table 2.1:  Extension of irrigation and drainage network in the Aral Sea Basin and in 
Khorezm. Source: 1:25000 GIS maps (ZEF/UNESCO GIS lab Urgench) 

 Aral Sea Basin Khorezm (%) 

Irrigated area 7.9  M ha 250000 ha 3 

Canal length, km    

           main & inter-farm irrigation 28000 1895 7 

           On-farm irrigation 168000 14338 9 

Total 196000 16233 16 

           main & inter-farm drainage 30000 1305 4 

           On-farm drainage 107000 6374 6 

Total 137000 7679  10 

 

2.5 Land use 

Khorezm is one of the most ancient agricultural areas in the world (Altman, 1947). 

Existing farming systems include three main types: state farms, private farms and 

dekhkan farms or household plots (Vlek et al., 2001). By 2005, on-going post-Soviet 

reforms have resulted in the establishment of 13,839 private farms cropping about 

188,329 ha or an average of 13.6 ha per farm and 247,840 dekhkan farms cropping 

about 48,912 ha or an average of 0.2 ha per farm (Khorezm hokimiat, 2005). Irrigation 

water within the region is centrally distributed to the farms according to the area 

irrigated and crops grown. Agriculture is predominantly oriented towards cotton, wheat 

and rice cultivation. Among these, the cash crop cotton is the most common being 

planted on about half of the total arable land (Djalalov et al., 2005). 

Irrigated areas in Khorezm have been continuously expanding and by the year 

2000 approximated 49% of the total area. Of this, about 40% is locally classified as 

having high potential for crop cultivation (Figure 2.3). Some 15-20% of the soils are 

classified as marginal, i.e., unsuitable for cropping (Abdullaev, 2002; Martius et al., 

2004). 
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The current research was mainly conducted at experimental sites in Khorezm’s 

Khiva and Yangibazar districts on the land of known low and extremely low potential 

for crop cultivation (Figure 2.3). 
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Figure 2.3:  Soil suitability for agricultural crop cultivation. (Source: Goskomzem - 
Soil and Agrochemistry Research Institute) 

 

2.5.1 Forestry 

Forests in Uzbekistan are state properties controlled by the Central Administrative 

Board of the Ministry of Agriculture and Water Resources. 

In the Khorezm Region, present forest stands are integrated with the intense 

agricultural land-use systems and are dependant on irrigation. Tree cultivation was 

mostly introduced into Khorezm’s agricultural areas in the 1950s but to a much lesser 

extent than elsewhere in Uzbekistan (Khanazarov and Kayimov, 1993). Trees were 

planted mainly to fulfil ecological functions by protecting cropped fields and preventing 

desertification at the margins of the Khorezm Oasis (Khanazarov and Kayimov, 1993), 
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but not for timber production or other use. Therefore, within the agricultural area, trees 

are typically found planted as strips on field borders and along on-farm canals. 

However, a recent in-depth study of these tree strips in Khorezm revealed that less than 

one third of them was properly arranged to effectively serve as tree windbreaks 

(Tupitsa, in preparation). These strip plantations include mainly Populus and Morus 

spp. with some Ulmus, Fraxinus, Elaeagnus, Salix spp. and a few other species. Trees 

that have been planted in patches for timber production are, for the most part, 

introduced poplar varieties (Tupitsa, in preparation). Orchards mainly consist of Malus, 

Prunus, Cerasus, and Pyrus spp. (Worbes et al., in preparation). For aesthetic purposes, 

trees are planted along the streets or in small parks in urban areas. 

Natural woody vegetation is restricted to a small transect of tugai floodplain 

forest along the Amu Darya River and transition vegetation at the borders of the 

surrounding deserts. The major tree and shrub species of the desert forest are various 

Haloxylon, Calligonum, Tamarix, and Salsola spp. Tamarix spp. are also commonly 

found within the tugai. The major tugai trees are Populus euphratica Olivier, Elaeagnus 

angustifolia L., and Salix songarica Anderss., among which P. euphratica is the largest 

and the most widespread tree species.  

In Uzbekistan, the territory covered by natural forest has decreased to less than 

25% of its original extent due to conversion of forest land to agricultural uses 

(Khanazarov and Kayimov, 1993). Treshkin (2001) reported that the floodplain tugai 

forest in the Amu Darya River lower reach and delta has suffered a 90% area loss 

during the past decades. In addition, upstream management of river flows to meet 

irrigation needs has adversely influenced the conditions for regeneration of riparian 

species by disrupting the natural pattern of flood events (Treshkin, 2001). Natural forest 

cover in Khorezm was estimated by the latest inventory in 1993 as less than 3 % of the 

total region area. 

Since 1993, no official survey of forest resources has been conducted and the 

actual current status of these resources is unclear. In recent years, the Uzbekistan 

government has not intensified tree planting initiatives within irrigated areas in 

Khorezm. Only individual farmers appear to be planting trees on household or private 

farms (Worbes et al., in preparation). As such, there is much scope for the use of tree 

and bush species in the landscape restructuring as intended by the project “Economic 
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and Ecological Restructuring of Land and Water Use in the Khorezm Region”, which 

has included this research component (Vlek et al., 2001). 
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3 ASSESSING THE POTENTIAL OF TREES FOR AFFORESTATION 

OF DEGRADED LAND 

 

3.1 Introduction 

Few studies in Uzbekistan have addressed the suitability of indigenous and exotic tree 

and shrub species for use on degraded sites within irrigated areas. Experiments on 

solonchak soils (Fimkin, 1983; Makhno, 1962) focused mainly on an appropriate water-

salt regime in the soil for the elaboration of irrigation scheduling for various tree 

plantations. These studies used biometric parameters as sole indicators of tree 

performance. Partial root excavations were conducted to obtain descriptive information 

about root stratification within soil horizons, but no attempt was made to estimate 

above- and below-ground biomass production. More recent studies in the Aral Sea 

Basin (Toderich et al., 2001) have examined the suitability of species such as 

Salicornia, Halostachys and Haloxylon for halophytic agroforestry and bio-saline 

agriculture. However, these findings have limited relevance for the afforestation of 

degraded agricultural land.  

In addition to setting aside the degraded land, trees may also offer long-term 

solutions to existing firewood and livestock-fodder supply shortages. Wood is a source 

of heat currently used by many Uzbek households. An estimated 95% of the country’s 

recent annual cut of 50,000–80,000 m3 is used as firewood (UNFCC, 2001). Demand 

for firewood is likely to grow as the costs of other energy sources, such as gas and 

electricity, rise and population growth continues at annual rates of about 2% (UNFCC, 

2001). 

Trees and shrubs may also provide an alternative fodder source for animal 

production. Outside the growing season, typical local fodder sources are senescent 

grasses, straw from winter wheat, and hay from rice or alfalfa. However, local wheat 

straw has a low crude protein content (Tomms and Novikov, 1966). Few data are 

currently available on the suitability of tree species in the Aral Sea Basin for their use as 

supplementary feed (Gintzburger et al., 2003; Toderich et al., 2001). 

Incomplete data on key tree characteristics prevent decision-makers from 

formulating the highly needed strategies to afforest the degraded land areas in the Aral Sea 
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Basin. This section reports the multipurpose characteristics of ten tree and shrub species 

that are being considered for their establishment on degraded land patches in the region.   

 

3.2 Materials and methods 

3.2.1 Study sites 

Research was conducted at the Khiva Research Station of the Uzbek Forestry Research 

Institute located at 41°41′ N latitude, 39°40′ E longitude and at an altitude of 113 m. 

Precipitation for both study years 2002 and 2003 (Figure 3.1) exceeded the long-term 

mean precipitation of 100 mm by 75% and 70%, respectively.  
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Figure 3.1: Monthly maximal and minimal air temperature and precipitation in Khiva 

for the period 2002-2003 
 

Two sites characterized by differing soil texture were selected for establishing 

experimental plantations. Pits were dug at each site to describe the soil profile. Soils 

were sampled in layers according to each morphological horizon and analyzed for 

texture, bulk density, total N, available P and K, organic matter and solute content, as 

well as pH (H2O). The analyses for determining the solute content were conducted in an 

aqueous extract of the soil (ratio 1:5). Chloride content was determined titrametrically 

on a soil extract. Sodium (Na) and exchangeable potassium content was measured with 

a flame photometer using appropriate filters. A sulphurous extract was prepared to 

analyze organic matter content according to the Tyurin method (Tyurin, 1975). Total N 

content was analyzed using the Kjeldahl method. Available P was measured with a 

colorimeter in ammonium carbonate extract. The soil was differentiated into seven size 
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classes with the following diameters: 0.25, 0.1, 0.05, 0.01, 0.005, 0.001 and <0.001 mm 

according to Kachinsky’s method and converted to the FAO texture classification.  

Soil type was classified as gleyic calcaric (sodic) Arenosols according to the 

FAO, or an irrigated alluvial meadow soil (Umarov, 1985) according to the former 

Soviet Union classification. Soil profiles represented two major soil textures: (i) a light 

sandy soil underlain by a loam layer from 75 cm downwards and (ii) a more finely 

textured silt loam underlain by a loam layer from 85 cm downwards (Figure 3.2).  

 
Figure 3.2:  Soil texture and bulk density (g cm-3) at the experimental sites 
 S = sand, ZL = silt loam, L = loam 
 

Chemical soil analysis conducted during the period 2002-2003 showed that the 

post-leaching soil salinity at both sites did not increase significantly but remained 

slightly saline. Both plots were characterized by low humus (<1%) and nutrient content. 

Over the two seasons, concentrations of nutrients decreased, especially P (Table 3.1).  

The high GWT can be used as a source of moisture for trees, if not highly 

saline. At the research station over the two growing seasons, the GWT averaged 1.1 m 

and 0.9 m below the soil surface at the loamy and the sandy site, respectively. The mean 

electrical conductivity of the groundwater was 3.3 and 4.3 dS m-1 for the loamy and 

sandy site. 
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 Table 3.1:  Concentration of Na, Cl and SO4, humus, N, P and K in 1 m soil layer.  
 Means with the same superscript within the column are not significantly 

different at p<0.05 

Time Humus  
% 

N,        
% 

.2"5    
mg kg-1 

/2"     
mg kg-1 

Cl- 
cmol kg-1 

Na+ 
cmol kg-1 

SO4
-2 

cmol kg-1 

Loamy site 
Apr 2002  0.5a — 25.0a 113.3a 0.4a 0.7a  0.8a 

Oct 2002 — — — — 0.7b 1.3b  1.7b 

Apr 2003  0.8a — 22.8a 109.2a 0.7b  1.1ab   1.3ab 
Oct 2003  0.8a 0.05       1.6b 107.2a  0.5ab  0.9ab  0.9a 

Sandy site 
Apr 2002      0.36a —  7.8b   96.4a 0.4a 0.6a 1.6a 

Oct 2002 — — — — 0.8a 1.1a 1.9a 

Apr 2003      0.38ab —  3.3a  70.7a 0.7a 1.1a 2.0a 

Oct 2003      0.40b 0.02  1.6a  63.2a 0.5a 1.0a 2.4a 

Analysis of variance, probability > F(=α) 
      Time   0.015 <0.001 0.080 0.484 0.010 0.687 0.031 
      Soil <0.001   0.062 0.170 0.031 0.816 0.632 0.060 

Time*Soil   0.665   0.062 0.191 0.627 0.996 0.417 0.749 
 

3.2.2 Experimental design  

Following soil leaching, 500 one-year-old seedlings of 13 multipurpose tree and shrub 

species (50 seedlings per species) were planted at the two sites, which measured 0.14 

hectares each. The native and exotic species were selected to represent a variety of life 

spans and tolerances to drought and salt (Table 3.2): 

 

Table 3.2: List of species included in the study 
English name Latin name 
Apricot tree Prunus armeniaca L. 
Black poplar Populus nigra var. pyramidalis (Rozan) Spach 
Black willow  Salix nigra Marshall 
Chinese cedar Biota orientalis (L.) Franco 
Eastern catalpa Catalpa bignonioides Walter 
Eastern redcedar Juniperus virginiana L. 
Euphrates poplar Populus euphratica Olivier 
Japanese pagoda tree Sophora japonica L. 
Russian olive Elaeagnus angustifolia L. 
Salt cedar Tamarix androssowii Litv. 
Siberian elm Ulmus pumila L. 
Swamp ash Fraxinus pennsylvanica Marshall 
White mulberry Morus alba L. 
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Species such as C. bignonioides, J. virginiana, and S. japonica, which showed 

low survival rate, could not be considered in all analyses.  

Seedlings were planted between the ridge and bottom of the irrigation furrow at a 

spacing of 1 m x 3.5 m, half way from the furrow bottom. The prepared furrows were 

about 40 cm deep and 70 cm wide. The 3.5 m spacing between rows/plots was introduced 

to minimize possible competition of different tree species in the rhizosphere from 

horizontal extension of the root systems due to the high GWT. 

The experimental design was a randomized incomplete block replicated 6 times 

and included 2 soil types and 10 tree species. Each plot consisted of two rows with 25-

30 randomly planted trees.  

 

3.2.3 Biometric parameters and survival rates  

Tree height was determined by measuring the length of the highest shoot at the onset (2 

weeks after planting) and at the end of both growing seasons in 2002 and 2003. At the 

same time, over-bark stem diameter was measured at 5 cm above the base of the stem 

using callipers. Survival rates were determined by the difference in number of surviving 

trees counted at the onset and the end of both growing seasons. Dead trees were not 

replaced.  

 

3.2.4 Above- and below-ground dry matter production   

To determine biomass production, 3-5 trees per experimental plot were randomly selected 

7 and 19 months after planting (MaP) and fresh weight of stem, branches, and leaves was 

measured. Since below-ground biomass development in the first year of establishment 

was expected to be more prominent than above-ground growth, tree root system 

development was considered as the primary measure of potential for rapid and early 

establishment. Therefore, root dry weight was determined as a proxy of the total root 

system size. Together with total root length, these served as indicators of the potential 

for absorption of nutrients and water. Following the harvest of above-ground fractions, 

tree roots were completely excavated with hand tools and sectioned into coarse (∅>3 

mm) and fine roots (∅< 3 mm). The roots were washed free of soil, separated from 

necromass, weighed and oven dried. Coarse root length was measured with a measuring 

tape. The lengths of fine roots were determined using the modified Newman line-
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intersect method (Tennant, 1975). All fractions were oven dried at 103ºC till constant 

weight (MacDicken et al., 1991). 

 

3.2.5 Nutritional and calorific values 

Leaves sampled from 3-4 trees per species were mixed and dried at 50°C till constant 

weight, ground to pass through a 2 mm sieve, and analyzed for crude protein (CP) content, 

which was determined using the Kjeldahl method (CP = N content * 6.25). Digestibility of 

organic matter (dO) and metabolizable energy (ME) content of leaves were determined 

using the Close and Menke (1986) in-vitro gas technique, which is based on the gas 

(carbon dioxide and methane) production by leaves incubated with rumen liquor. The gas 

production was analyzed with and without the addition of 200 mg polyethyleneglycol 

(PEG), which prevents tannin inhibition. Contents of dO and ME were calculated with a 

multi-regression equation for roughages: 

 

 CLCPGbME 00029.00057.0136.02.2 24 +++=  (3.1) 

 

 CACPGbdO 065.0045.0889.088.14 24 +++=  (3.2) 

 

where ME is the metabolizable energy [MJ kg-1 DM], dO is the digestibility of 

organic matter [%], Gb24 is the gas production [ml mg-200, 24 h], and CP, CL, and CA 

are the contents of crude protein, crude lipids, and crude ash, respectively [g kg-1 DM]. 

Net calorific value of firewood was determined at 7 and 19 MaP by burning 

wood samples in an oxygen bomb calorimeter. Mineral content was measured after 

ashing samples at 550oC for five hours in a muffle furnace. Wood densities were 

determined by the displacement method as described in MacDicken et al. (1991). The 

fuelwood value index (FVI) was calculated according to Bhatt and Todaria (1992):  

 

 
CA

DCV
FVI

⋅=  (3.3) 

 

where FVI is the dimensionless fuelwood value index, CV is the calorific value 

of fuelwood [MJ kg-1 DM], D  is the wood density [g cm-3], and CA is the ash content  

[g g-1 DM]. 
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3.2.6 Statistical analyses 

As tree species were completely randomized over the sites to account for potential 

heterogeneity in micro-environments, each tree was considered a replicate in the 

statistical analyses. The effects of experimental factors (species, soil type and harvest 

date) on growth indicators were tested using the analyses of variance (ANOVA) option 

in the General Linear Model (GLM) procedure. Type III sums of squares was used 

because the design was not fully balanced. The effects of experimental factors and their 

interactions were analyzed at the p<0.05 level of significance. The Tukey posthoc test 

was used to compare individual treatment means where the ANOVA test indicated 

significant effects of experimental factors. When necessary, data were transformed to 

conform to assumptions of normality and homogeneity of variance using the natural log 

transformation. Since this study focuses on species selection, all findings are expressed 

per tree rather than per hectare. All statistical analyses were performed using SPSS 11.0 

software. 

 

3.3 Results and discussion 

3.3.1 Establishment and growth characteristics 

At 7 MaP, survival rates were generally lower for trees at the loamy site but at 19 MaP 

survival rates were similarly high (Table 3.3). The lowest survival rates observed at 7 

MaP were for P. euphratica at both locations, and P. armeniaca on the sandy soil. Over 

80% of the P. euphratica trees on the loamy soil and 26% on the sandy soil perished 

shortly after planting, but later their mortality decreased considerably. Throughout the 

second growing season, no additional mortality was recorded with the exception of P. 

armeniaca at both sites and P. nigra var. pyramidalis at the sandy site. 

The ability for below-ground biomass development, which together with root 

elongation assures establishment of the saplings, differed significantly among species. 

At 7 MaP, virtually all species had more below-ground biomass in the sandy soil than 

their counterparts in the loamy soil (Table 3.3). This was reflected in higher fine and 

coarse root DM, particularly for E. angustifolia, T. androssowii and B. orientalis. 

However, at 19 MaP, species such as P. armeniaca, B. orientalis, M. alba and S. nigra 

grew better in the loamy soil. This soil type preference was also reflected in values of 

their above-ground biomass (Table 3.4). Total root length at 7 MaP was more variable, 
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especially when fine and coarse root fractions were considered separately. At 19 MaP, 

both fractions showed larger total lengths for P. armeniaca, B. orientalis, and M. alba at 

the loamy site, while the other species developed longer roots at the sandy site. 

 

Table 3.3:  Survival, root weight and length of 10 tree and shrub species on 2 soil 
types during 19 MaP 

 Means with the same superscript within a column are not significantly 
different at p < 0.05 

Survival rate (%) Root DM (g tree-1) Root length (m tree-1) 

Months after planting (MaP) Species 

0-7 7-19 7 19 7 19 
Sandy soil 

Biota orientalis    96.0ab  100b   18a    56ab 4.4ab    22ab 
Elaeagnus angustifolia     100b  100b  205b  842de    10.0bc 108b 
Fraxinus pennsylvanica     100b  100b    97ab   309abc  7.4abc    71ab 
Morus alba    88.9ab  100b  74a  134ab 5.1ab    38ab 
Populus euphratica    74.1a  100b   87ab   523bcd 6.7abc    90ab 
Populus nigra var. pyramidalis     100b 90.9a 118ab   635cde 6.5abc 103b 
Prunus armeniaca    85.2ab 85.2a 24a           29a     3.1a    4a 
Salix nigra    93.1ab  100b      110ab         206abc     6.0ab    56ab 
Tamarix androssowii     100b  100b      344c       1068e   12.0c    78ab 
Ulmus pumila    88.0ab  100b      134ab   426abcd     9.6bc    76ab 
    Overall means     92.5  97.6      121         418     6.0  66 

Loamy soil 
Biota orientalis  95.5b 100a          8a  62a     3.9ab     25abc 
Elaeagnus angustifolia     96b 100a        77bcd 433ab     7.3bc        43bc 
Fraxinus pennsylvanica   100b 100a   70abcd 147ab     8.0c        17abc 
Morus alba  92.0b 100a   63abcd 378ab 6.1abc        44c 
Populus euphratica  18.5a 100a —  91a —          8a 
Populus nigra var. pyramidalis   100b 100a      115de 435ab     8.5c        33abc 
Prunus armeniaca   100b     95.8a        20ab 98a     2.2a        13ab 
Salix nigra  96.8b 100a        51abc        576ab 5.7abc        36abc 
Tamarix androssowii   100b 100a      174e        681b     8.7c        27abc 
Ulmus pumila  85.7b 100a        89cd        374ab     8.4c        40abc 
    Overall means 88.4     99.6        75        404     6.5        31 

Analysis of variance, probability > F(=α) 
Species <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Soil 0.05 0.02 <0.001   0.045 0.18 <0.001 
Treatment 0.49 0.80   0.016   0.071   0.108   0.002 
Species*Soil <0.001 0.01 <0.001 <0.001   0.419   0.001 
MaP <0.001 <0.001 <0.001 
MaP*Species <0.001 <0.001 <0.001 
MaP*Soil   0.043   0.875 <0.001 
MaP*Species*Soil   0.406 <0.001 <0.001 
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The high productivity of T. androssowii and E. angustifolia makes them the 

most promising candidates for afforestation of degraded sites with immediate economic 

benefits. However, Tamarix spp. are often referred to as aggressive colonizers, since 

they tend to invade natural habitats and push out other species (Cleverly et al., 1997).  

 

Table 3.4:  Production of leaf and wood DM of 10 tree and shrub species on 2 soil 
types at 19 MaP 

 Means with the same superscript within the column are not significantly 
different at p<0.05 

Leaves (g DM tree-1) Wood (g DM tree-1) 

Months after planting 

 
Species 

 
7 19 7 19 
Sandy soil 

Biota orientalis 35ab   105a   30a    77a 
Elaeagnus angustifolia          106b  1092b 255c 2758c 
Fraxinus pennsylvanica            22a     82a    41ab   222a 
Morus alba            24a     63a    52ab   195a 
Populus euphratica            58ab    564ab    91ab 1119ab 
Populus nigra var. pyramidalis            45ab   274a 138b   840ab 
Prunus armeniaca            11a         3a*   21a   42a 
Salix nigra            34ab   151a    85ab 403a 
Tamarix androssowii          229c         1853c 253c       1780bc 
Ulmus pumila            29a   181a    75ab 447a 
    Overall means            61  481         103         837 

Loamy soil 
Biota orientalis 15a  235ab  14a  120a 
Elaeagnus angustifolia  48ab  692bc 118bc 1591c 
Fraxinus pennsylvanica 19a   42a   46ab     98a 
Morus alba  26ab  203ab   56ab      461abc 
Populus euphratica —   42a —   117a 
Populus nigra var. pyramidalis 67b  265ab 144cd     682abc 
Prunus armeniaca  8a   67a  31a  174a 
Salix nigra 29ab  251ab    82abc     919abc 
Tamarix spp.          132c          818c        215d   1378bc 
Ulmus pumila            45ab          181a    91abc    360ab 
    Overall means            44          329          89  731 

Analysis of variance, probability > F(=α) 
Species <0.001 <0.001 <0.001 <0.001 
Soil   0.013 0.02   0.065   0.058 
Treatment   0.080   0.351 <0.001   0.136 
Species*Soil <0.001 <0.001   0.007   0.006 
MaP <0.001 <0.001 
MaP*Species <0.001 <0.001 
MaP*Soil <0.003 <0.196 
MaP*Species*Soil <0.001 <0.001 

*Untimely leaf fall 
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Tamarix androssowii and E. angustifolia are known for their ability to self-

propagate by vigorous sprouting, and thus intensive control is recommended (Tesky, 

1992). Although both species have the capability to grow on saline soils, Tamarix 

plantations may not benefit the environment in the long run, since this halophytic shrub 

releases accumulated salts via salt glands and thus increases soil salinity  (Forestry 

Compendium, 2000). Given these characteristics of T. androssowii, this species does 

not seem to have great potential for the afforestation of salt-affected land.   

According to Olson and Knopf (1986), E. angustifolia can behave invasively 

in riparian ecosystems, displacing native vegetation and choking irrigation ditches. 

However, it is also capable of growing in dry (150 mm annual rainfall) areas of Western 

Asia (Forestry Compendium, 2000). Previous research in Khorezm characterized this 

species as tolerant to soil salinity under conditions of reduced irrigation (Makhno, 

1962). Since it is known to cope with chemically contaminated environments, E. 

angustifolia has been used to re-vegetate land polluted by paper mill wastewater 

(Wagner and Dietrichson, 1994), potassium (Heinze and Liebmann, 1998) and bentonite 

mine spoilings (Uresk and Yamamoto, 1994). In addition, E. angustifolia can fix N 

(Zitzer and Dawson, 1989), which may enrich degraded soils in the long run. Based on 

these facts, it can be concluded that E. angustifolia has a high potential for the 

afforestation of degraded soils in the study region. 

During the study period, P. nigra var. pyramidalis and U. pumila ranked in the 

upper quartiles with regard to root-system development, often immediately behind T. 

androssowii and E. angustifolia. Populus nigra var. pyramidalis maintained high 

absolute values of above-ground biomass regardless of soil type (Tables 3.3 and 3.4). 

Also, it showed quite stable but moderate relative growth rates in height and diameter 

(Table 3.5). In Uzbekistan, P. nigra var. pyramidalis is considered slightly or 

moderately salt tolerant (Blinovsky, 1956; Makhno, 1962) provided sufficient soil 

moisture is available. Under conditions of soil water shortage it matures rapidly, dries 

from the top, and becomes susceptible to harmful insects (Rovsky, 1963). These 

characteristics are unfavorable for the afforestation of degraded soils in the study area. 

Ulmus pumila, the only species with a relatively high life expectancy, showed 

a high potential for rapid root-system development (Table 3.3). Production of leafy and 

woody biomass by this species was moderate, but was compensated by relatively high 
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stem growth rates, at least in loamy soils (Tables 3.4 and 3.5). Experience worldwide 

has shown that U. pumila presents a number of characteristics that are suitable for the 

afforestation of degraded soils. 

 

Table 3.5:  Growth rates in height and diameter of 10 tree and shrub species on 2 soil 
types during 19 MaP 

 Means with the same superscript within the column are not significantly 
different at p<0.05 

Growth in height (%) Growth in diameter (%) 

Months after planting 

 
Species 

 
0-7 7-19 0-7 7-19 

Sandy soil 
Biota orientalis     76a 32a      243abc   74a 
Elaeagnus angustifolia   182d 84a      267e 149a 
Fraxinus pennsylvanica     49a 68a      162bcd   75a 
Morus alba       76bcd 34a      201cde   75a 
Populus euphratica    46a 78a      112ab 118a 
Populus nigra var. pyramidalis    30a 27a        77ab   78a 
Prunus armeniaca      2a —        87a   14a 
Salix nigra  320e 80a        66a  151a 
Tamarix androssowii    65a 39a      243de    60a 
Ulmus pumila    98a 55a      124abc  109a 
    Overall means           125         57      148 101 

Loamy soil 
Biota orientalis     50a   96a        42a  137ab 
Elaeagnus angustifolia     88a  195b        43a 246b 
Fraxinus pennsylvanica    46a   46a  105abc   70a 
Morus alba          124a   42a      169cd  144ab 
Populus euphratica    63a   31a        50a  68a 
Populus nigra var. pyramidalis    31a   45a    80abc  83a 
Prunus armeniaca    20a   27a   53ab  88a 
Salix nigra   541b   60a   74ab  145ab 
Tamarix androssowii  112a   66a  142bcd  122ab 
Ulmus pumila   193bc   52a      203d  162ab 
    Overall means         156  68        98          129 

Analysis of variance, probability > F(=α) 
Species <0.001 <0.001 <0.001 0.001 
Soil   0.291 <0.001   0.100 0.024 
Treatment   0.535   0.310   0.060 0.355 
Species*Soil <0.016 <0.001 <0.001 0.367 
MaP <0.001   0.211 
MaP*Species <0.001 <0.001 
MaP*Soil   0.356 <0.001 
MaP*Species*Soil <0.001   0.002 
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Ulmus pumila is very tolerant to saline-alkali soil and can survive in soils with 

pH values of up to 9. In addition, it tolerates low soil moisture and low ambient 

humidity (Forestry Compendium, 2000; Makhno, 1962). Although U. pumila does not 

seem to be susceptible to the Dutch elm disease (Graphium ulmi Schw.) as stated by 

Rovsky (1963), in Khorezm U. pumila is known to be quite sensitive to the black oak 

beetle (Monochamus galloprovincialis), which may reduce the farmers’ willingness to 

plant this species. It is cultivated worldwide along roadsides and used for afforestation 

of desert, barren and saline-alkali lands, and as forest windbreaks (Forestry 

Compendium, 2000). 

The native poplar species, P. euphratica, which displayed high rates of leaf 

and wood production, appeared to be the most sensitive to soil type, with mean values 

of above-ground DM on the loamy soil amounting to only 9% of those at the sandy site. 

Similarly, it had slow longitudinal root growth and low root DM production at the 

loamy site while exhibiting superior below-ground development at the sandy site, 

particularly in radial extension of coarse roots. Some of the P. euphratica root systems 

in sandy soil reached up to 10 m in radius and produced numerous root suckers. Also, it 

was one of the few species with increased growth rates in height and diameter at 19 

MaP (Table 3.5). In the Khorezm Region, P. euphratica is the predominant tree species 

in natural tugai forests where it withstands periodical waterlogging. Populus euphratica 

is remarkably salt tolerant once established (Blinovsky, 1956; Novikov, 1950; 

Skupchenko, 1950; Wang Shiji et al., 1996). Despite these advantages, P. euphratica 

seems only partly suitable for the afforestation of degraded soils, since it is also known 

for its vulnerability and high mortality at an early age (Wang Shiji et al., 1996), which is 

confirmed by the findings in the present study.  

Biota orientalis and P. armeniaca generally had the lowest below-ground and 

above-ground DM at both sites. The performance of the remaining species included in 

the experiment was rather moderate or weak depending on the parameter used for 

assessment, and therefore cannot be recommended. Aside from the key capability of 

rapid establishment and growth on different soil types, the assessment of tree species for 

the afforestation of degraded sites needs additional evaluation criteria as reported 

elsewhere (Lamers et al., 1994). Farmers are seldom interested in a single benefit of trees 

regardless of the reason for planting them. Thus, the ability of trees to produce useful by-
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products to compensate land owners in part for crop production losses should be 

considered. 

 

3.3.2 Nutritional value of leaves  

Fodder trees and shrubs could fill the feed gap that exists in Khorezm. However, leaves 

from S. nigra and T. androssowii have a limited potential as fodder due to the presence 

of tannins that reduce palatability, digestibility and protein availability (Close and 

Menke, 1986). This was indicated by the metabolizable energy (ME) contents measured 

with and without the tannin inhibitor PEG (Table 3.6).  

 

Table 3.6:  Contents of crude protein (CP), metabolizable energy (ME), the ratio 
CP:ME and the organic dry matter digestibility in leaves (dO) of 10 tree 
and shrub species at 19 MaP compared to the values of common feed 

 
Species 

CP 
(g DM kg-1) 

ME 
(g DM  kg-1) 

ME 
(with PEG) 
(g DM kg-1) 

CP:ME 
(g CP MJ-1) 

dO 
(%) 

Biota orientalis  100 9 9 11 51 
Elaeagnus angustifolia 216 9 9 25 60 
Fraxinus pennsylvanica    99 8 8 12 58 
Morus alba  117         11         11 11 74 
Populus euphratica  100 8 9 12 59 
Populus nigra var.      
  pyramidalis 106 8 8 13 59 

Prunus armeniaca 101         12         12  8 66 
Salix nigra   83 8 8 11 58 
Tamarix androssowii    99 6 7 16 58 
Ulmus pumila 100 9         10 11 61 
Corn hay*   21 — — — — 
Dry alfalfa* 116 — — — — 
Silage*   29 — — — — 
Wheat grass hay*   85 — — — — 
Wheat stover*   46 — — — — 
* by Tomms and Novikov (1966) 
 

The highest crude protein (CP) concentration was found in leaves of N-fixing 

E. angustifolia, whereas the lowest concentration was found in S. nigra. Elaeagnus 

angustifolia also had the highest CP:ME ratio. The high content of CP and the modest 

content of ME combined with the relatively high organic matter digestibility of M. alba, E. 

angustifolia and U. pumila indicate that these species are potentially good feed.  

An ME content of 6 to 7 g kg-1 of DM equals the quality of crop residues of 

several cereals (Close and Menke, 1986), which was met by all species studied, except 
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T. androssowii. An ME content of 8 to 9 g DM kg-1 equals that of medium quality hay, 

which was matched by E. angustifolia and M. alba.  

Feed with a digestibility of organic matter (dO) of 70% or more is considered 

to be of good quality (Close and Menke, 1986), but was found for M. alba only. In 

general, the CP:ME ratios in the leaves of the studied species were lower than those 

found in the leaves of tree species in other semi-arid regions (Lamers et al., 1994). 

Although fodder production by the screened trees is insufficient to relieve feed 

bottlenecks per se, the higher contents of nutritive substances in leaves of species like E. 

angustifolia, M. alba and U. pumila offer possibilities as supplementary feed to the low-

quality roughages such as wheat stalks used throughout the off-season in Khorezm. If, for 

example, livestock were fed with a mixture of this low-quality roughage and the leaves 

of superior fodder species, farmers would save a considerable amount of crop residues. 

A Tropical Livestock Unit (TLU) of 250 kg live mass needs 1 g of CP per kg live mass 

per day for maintenance. Assuming that this need is to be satisfied by wheat stalks with 

a CP content of 46 g CP kg-1 (Tomms and Novikov, 1966), one TLU would need 5.4 kg 

of wheat straw per day. If the straw is mixed with 10% E. angustifolia leaves with a CP 

content of 216 g CP kg-1 (Table 3.6), one TLU would need only 4.0 kg day-1 of this 

mixture, or about 27% less straw per day. Thus, throughout the off-season of 150 days, 

a farmer would need a total amount of 60 kg of tree leaves. Based on the results from 

the 3-year-old E. angustifolia, this would require about 60 trees or a land surface of 

about 200 m2. Obviously, mature trees will produce much more leaf DM. The use of E. 

angustifolia leaves as feed is not common in the region, possibly due to a lack of 

knowledge about its high nutritious value, but low usage might also be related to the 

labor costs needed to defoliate the thorny twigs. Although M. alba shows good fodder 

potential, in Khorezm it plays a major role in sericulture, which leaves little room to 

expand its potential as a provider of fodder for ruminants. To determine the real feed 

value of the examined trees, the feed intake and live weight increments of livestock 

should be studied in vivo. 

 

3.3.3 Fuelwood characteristics 

Although Uzbekistan has increased its oil and gas condensates as well as natural gas 

supplies at the expense of coal since independence in 1991, only 44% of the rural 
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population has access to gas supplies for heating and cooking (UNFCC, 2001). Even 

though wood felling is permitted on the condition of compulsory subsequent 

reforestation, the growing dependence on and demand for domestic firewood is being 

satisfied through uncontrolled cutting. This increases both the need and opportunities 

for private reforestation initiatives.  

Calorific values of the analyzed wood samples lay between 7.6 and 16.2 MJ 

DM kg-1. The measured calorific values are in general lower than those observed in 

previous studies with adult trees (Harker et al., 1982). Consequently, the firewood value 

index (FVI) was low for all of the tested species and ranged between 0.06 and 0.55 

(Table 3.7). 

 

Table 3.7:  Reference calorific and actual calorific values (CV), ash content, wood 
density, firewood value index, and wood production of 10 tree and shrub 
species at 19 MaP 

Species 
 

Reference 
CV 

(MJ DM 
kg-1) 

Actual 
CV 

(MJ DM 
kg-1) 

Ash 
content 

(%) 

Wood 
density     
(g cm-3) 

Firewood 
value 
index 

Wood 
production 

(kg DM 
tree-1) 

 Biota orientalis —   7.6 62.2 0.50±0.03 0.061    99 
 Elaeagnus angustifolia — 12.8 30.7 0.53±0.04 0.220 2220 
 Morus alba 19.3* 13.6 26.7 0.46±0.16 0.255   328 
 Populus euphratica 20.7* 12.6 32.3 0.40±0.08 0.183   673 
 Populus nigra var. pyramidalis  — 16.2 14.0 0.42±0.14 0.545   711 
 Prunus armeniaca — 14.7 19.5 0.48±0.14 0.392   108 
 Salix nigra 17.9* 12.0 35.4 0.46±0.15 0.186   683 
 Tamarix androssowii — 14.4 20.1 0.67±0.09 0.481 1529 
 Ulmus pumila 17.7* 13.2 31.3 0.54±0.10 0.239   408 

* by Harker et al. (1982) 
 

The spread of calorific values of the different species may be accounted for by 

the variation in both the proportion and calorific values of the five main wood 

components – resins, cellulose, hemi-cellulose, lignin and mineral matter (Tillman, 

1978). The ideal fuelwood species should have high density wood, low ash content and 

low water content (Bhatt and Todaria, 1992). The relatively low calorific values 

observed in the 3-year-old tree species are most likely due to the high ash (mineral) 

contents (Figure 3.3). The wood mineral content of the trees, grown on slightly-to-

moderately saline soils in this study, ranged between 14% and 62%, which was found to 

be significantly higher than in previous studies. Doat (1977) analyzed the wood ash 
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content of 116 mature species and found an average of 1.04% although the mineral 

content of some samples reached 10%. In this study, ash content averaged 30% for the 

young trees, with the wood of B. orientalis having the highest ash content and 

consequently the lowest calorific value.  

The lower calorific values can be also attributed to the fact that the bark of 

young trees has a relatively high proportional weight and higher ash content compared 

to the wood (Harker et al., 1982). Relatively high calorific values were measured for P. 

nigra var. pyramidalis followed by T. androssowii and P. armeniaca (Table 3.7). The 

higher CVs found for the wood of P. nigra var. pyramidalis and T. androssowi wood 

can be related to the relatively short lifespan (UFP, 1990) and faster initial development 

of these species, which, therefore, can reach terminal calorific values sooner. 
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Figure 3.3:  Calorific values of the trees species as a function of the wood ash content  
 

3.4 Conclusion and recommendations 

The findings from the screening of the 10 species offer a spectrum of options for 

afforesting degraded land. In order to implement afforestation of marginal patches of 

irrigated land in Khorezm, the ideal multipurpose species should combine a number of 

features such as: high survival rate, quick growth, halophytic and xerophytic 

characteristics, and high utility value of firewood and/or foliage. The overall ranking of 

the trees, weighing all parameters concurrently (Table 3.8), shows that T. androssowii 

and E. angustifolia have the highest potential for growing on both loamy and sandy 

soils, which represent the dominant soil textures in the region. In contrast, the potential 
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of U. pumila, P. nigra var. pyramidalis, and P. euphratica differs depending on the 

parameter observed (roots or above-ground DM) or the soil type. Species such as B. 

orientalis and P. armeniaca show the lowest potential on both soil types. Analysis of 

leaf digestibility and CP content show the high potential of M. alba, yet the moderate 

ability of this species to develop leaf mass rapidly limits its usefulness for marginal land 

plantations. In contrast, E. angustifolia combined fast growth with a feed quality 

sufficiently high to be used during the off-season, when feed availability is limited. 

The analysis of calorific values of wood shows the different potential of the 

species to produce valuable fuelwood. The long periods needed to achieve the high 

calorific values of the most suitable species can be overcome by the introduction of a 

mixture of species rather than a monocrop. Fast starters with short life expectancies 

such as E. angustifolia, P. nigra var. pyramidalis and T. androssowii are able to obtain 

relatively high calorific values and produce comparatively high biomass during the 

initial years and may thus be combined with slow-starter species that offer advantages 

in the longer term. Last but not least, T. androssowii, E. angustifolia, U. pumila, and P. 

euphratica are known to be salinity-tolerant, an important feature in the region. 

Farmers in the Aral Sea Basin can be expected to adopt and invest in land 

afforestation systems especially if their immediate financial profitability is assured. 

Although, the cultivation of trees requires a waiting period, the use of multipurpose 

species, as investigated in this study, promises the farmers a return from those areas of 

their land where crops are no longer profitable. The expansion and commercialization of 

non-timber forest products has the potential to increase the cash income of rural Uzbek 

households. No data on the economy of non-timber forest products in Central Asian 

countries were available at the time of this study, and providing such data will be 

imperative for economic studies. 

Another aspect that remains unstudied is the degree to which this type of 

afforestation effort can contribute, on a larger spatial scale, to carbon sequestration. The 

present study shows that several tree species exist that provide both a multipurpose use 

and a potential for afforestation. If carbon trading benefits can be added to the benefits 

from non-timber forest products, this would create a “win-win” situation from both an 

ecological and economic point of view. 
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Table 3.8: Summary of performance indicators of ten tree and shrub species in two soil types     

Species Biota 
orientalis 

Elaeagnus 
angustifolia 

Morus 
alba 

Populus 
euphratica 

Populus 
nigra var. 

pyramidalis 

Prunus 
armeniaca 

Salix 
nigra 

Tamarix 
androssowii 

Ulmus 
pumila 

Parameter          

Survival ± + ± — — — + + ± 

Root establishment — + ± + ± — ± + ± 

Aboveground DM 
production ± + ± ± ± — ± + ± 

Growth rate — + ± ± ± — + ± + 

Supplementary feed — + + ± ± ± — — + 

Firewood value index — ± ± — + + ± + ± 

Overall potential for 
afforesting degraded land 

— + ± ± ± — ± + ± 

+ = high potential, ± = medium potential, — = low potential
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4 PHYSIOLOGICAL AND MORPHOLOGICAL ATTRIBUTES OF THE 

TREE SPECIES FOR EARLY DETERMINATION OF THEIR 

SUITABILITY FOR AFFORESTATION 

 

4.1 Introduction 

The findings of the comprehensive screening suggest that appropriate tree species for 

afforesting the degraded patches in the arid environment of Khorezm have to show high 

survival rates, quick initial growth, rapid establishment, and ability of the root systems 

to adapt and cope with nutrient-poor and salt-stressed conditions (section 3.4). Quick 

initial growth is often associated with a shorter lifespan, whereas species that are 

characterized as slow starters usually have a longer lifespan (Larcher, 1995). The latter 

may be more suitable when aiming for longer-term effects. Although there is consensus 

about which parameters to include when analysing tree growth, there is still uncertainty 

about when to best monitor these parameters and when they would become conclusive, 

as they change over time (Lambers, 1998; Shipley, 2002). Tomar et al. (2003) advocate 

long-term field experiments using the conventional stem height and girth as the most 

appropriate parameters for determining the species potential for sustainable growth in 

nutrient-poor and salt-stressed environments. Others (e.g., Shipley, 2002) concluded 

that with the use of proper growth parameters such as the relative growth rate (RGR), 

monitored under controlled conditions, the potential ecological performance can be 

assessed at a much earlier stage. 

The RGR is related to the carbon economy of plants and integrates 

physiological processes, morphology, biomass allocation and leaf composition in one 

formula (Poorter and van der Werf, 1998):  

 

 LARNARRGR *= ; LWRSLALAR *=  (4.1) 

 

where RGR is the relative growth rate [mg g-1 d-1], NAR is the net assimilation 

rate [g m-2 d-1], LAR is the leaf area ratio [m2 g-1], SLA is the specific leaf area [m2 g-1], 

and LWR is the leaf weight ratio [g g-1]. 

The RGR and its contributing components, the NAR and LAR, were assessed 

by, for example, Poorter (1989) and Shipley (2002) to analyze the adaptation 
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mechanisms of plants including tree saplings naturally occurring in rich and poor 

habitats. These parameters helped to explain why and how some plants outperformed 

others. A large body of literature describes the relationship between RGR and 

photosynthesis and growth influencing factors such as light, nutrient supply, CO2 level, 

and soil moisture (e.g., Antunez et al., 2001; Poorter, 1989; Poorter and de Jong, 1999; 

Shipley, 2002). For tree seedlings, the specific leaf area (SLA) and NAR have been 

found particularly useful, at least during early growth (Antunez et al., 2001; Shipley, 

2002). A quick (initial) growth is characterised by high LAR, SLA and Leaf Weight 

Ratio (LWR), but a low root weight ratio (RWR). In contrast, more slowly growing 

species have a low LAR, SLA and LWR, but a high RWR. Perennial species that can 

tolerate the saline and nutrient-poor conditions such as those prevailing in Khorezm 

have a lower SLA, which is associated with a longer leaf lifespan (Larcher, 1995; Reich 

et al., 2003). More recent results showed that the components of RGR partly 

compensate and buffer each other (Poorter, 2002; Shipley, 2000). Thus, when 

comparing different tree species based on RGR and its components for afforestation of 

land with unfavourable growth conditions, the interaction of these components should 

be considered rather than one component in isolation (Reich et al., 1998). 

Given the complexity of growth, studies of RGR and its underlying 

components are usually conducted under highly controlled artificial conditions, i.e., in 

growth chambers, often in hydroponic systems and over (very) short periods of time 

(Shipley, 2000). While this reduces complexity, it also renders it difficult to extend 

findings to natural conditions and it remains questionable if these results hold over time 

(Sack and Grubb, 2001). Recently, the same growth indicators under natural conditions 

and during several subsequent growing seasons were examined, partly confirming the 

suitability of the RGR and its components (Antunez et al., 2001; Rey and Jarvis, 1997). 

Also, it is not certain if the concept of proportional growth is applicable in competitive 

plant and tree stands, when plants enter the generative phase (Larcher, 1995; Poorter, 

2002) or show non-exponential growth (South, 1991). Despite these possible 

limitations, growth analyses are considered an appropriate first step for gaining an 

understanding the physiological basis of growth (Lambers, 1998). However, until now it 

has not been conclusively shown that RGR, NAR, SLA, and/or (LWR) are suitable 
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indicators for the selection of tree species for longer periods and under natural 

conditions.  

Since the introduction and distribution of tree species for afforestation of 

degraded land in the Aral Sea area will be a huge effort, it is indispensable to know the 

most important tree growth characteristics prior to the introduction of woody 

plantations. While some authors (Sack and Grubb, 2001; Tomar et al., 2003) concluded 

that long-term experiments to assess tree suitability for site conditions are most 

appropriate, others (Poorter and van der Werf, 1998; Shipley, 2002) advocate short-

term, intensive monitoring of NAR, LAR, and SLA, but can usually only guess the 

long-term impact. Yet the combination of these methods has not been employed. Hence, 

in the following, the conventional forestry parameters stem diameter and height, which 

usually need to be monitored over a long time, are used as a reference and compared if a 

species ranking according to RGR and its underlying components was similar to a 

species ranking according to these reference parameters. It was also investigated 

whether the rankings remained reliable over time under natural conditions.  

 

4.2 Materials and methods  

4.2.1 Study sites 

Research was conducted on the premises of the Forestry Research Station at Khiva, 

Khorezm (41°41′ N, 39°40′ E, altitude 113 m). The average daily irradiance during the 

growing seasons in 2002-2003 was 50-62 mol m-2 day-1, which is higher than the 

saturation point of 20 mol m-2 day-1 PAR (photosynthetic active radiation (400-700 

nm)) for RGR (Shipley, 2002). Experimental tree plantations were established on two 

sites differing in soil texture and located about 500 m from each other. Information on 

soil properties was presented in section 3.2.1.  

 

4.2.2 Plant material 

Seedlings of 10 multipurpose deciduous tree species representing a mixture of native 

and previously introduced species were selected for this study (Table 3.2). These 

included three fruit species, i.e., P. armeniaca, E. angustifolia and M. alba as well as P. 

nigra var. pyramidalis, S. nigra, C. bignonioides, P. euphratica, S. japonica, U. pumila 

and F. pennsylvanica. Among these, only Populus spp. and S. nigra were in the same 
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family (Salicaceae); U. pumila and M. alba were of the same order (Urticales), while 

the others were not phylogenetically related. Species such as E. angustifolia, S. nigra 

and P. euphratica still occur in the remnants of the natural riparian forests, whereas the 

distribution of the other species is generally restricted to the irrigated agricultural area.  

Seeds were collected from plantations on the premises of the Forestry 

Research Station, germinated and grown for one year in a local tree nursery located 7.2 

km from the experimental fields. After 12 months, fifty saplings of each species were 

selected for average diameter of the stem to gain the recommended homogeneity in 

sapling size (Antunez et al., 2001; Rey and Jarvis, 1997) and subsequently transplanted 

into the experimental field. The spacing 1 m x 3.5 m, common in the region, avoided 

mutual shading throughout the experiment.  

 

4.2.3 Height, diameter, biomass, and leaf area 

Stem height and diameter, and above- and below-ground DM were measured as 

previously described in sections 3.2.3 and 3.2.4. Immediately after harvest, leaf sub-

samples from 3-4 trees per species were weighed, wetted and transported in a cool-box 

to the laboratory to determine one-side leaf area (LA) in two replicates with a leaf area 

meter (Li-cor 1200). Accuracy of the meter was assessed with a 10 cm2 calibration disk 

periodically passing through the device. Total LA of the remaining harvested trees was 

calculated based on the linear correlation between LA and leaf mass according to the 

tree species (r2=0.89 over all species). Based on the data at harvest, the physiological 

and morphological growth components were estimated for each individual tree. 

 

4.2.4 Experimental design and data analyses 

The experiment was laid out in a randomized incomplete block design, which included 2 

soil types and 10 tree species. The effects of experimental factors (species, soil type and 

harvest date) on growth indicators were tested using the ANOVA option in the GLM 

procedure (SPSS 11.0). The Tukey posthoc test was used to compare individual 

treatment means. To compare the trends of the different physiological, morphological 

and growth parameters, bivariate Pearson correlations were estimated according to the 

experimental factors. More details on the statistical analysis are given in section 3.2.6.  
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4.3 Results and discussion 

Homogeneity in sapling size is highly recommended for a comparison of tree species, as 

initial differences may overshadow potential trends during a short observation period 

(Antunez et al., 2001; Rey and Jarvis, 1997). In the current study, at 0.5 MaP, sapling 

diameter within each species was rather homogeneous, as suggested by the results of the 

ANOVA and indicated by the coefficients of variation (CV) (Table 4.1).  

 

Table 4.1:  Mean stem diameter of saplings and coefficient of variation (CV) 
measured 0.5, 7 and 19 MaP according to species and soil texture. Values 
not having superscripts in common differ significantly. 

0.5 MaP 7 MaP 19 MaP 
Species Diameter 

(cm) 
CV 
(%) 

Diameter 
(cm) 

CV 
(%) 

Diameter 
(cm) 

CV 
(%) 

Sandy soil 
C.bignonioides 0.5a  6 1.4b 11  1.6bc     7 
E.angustifolia  0.6ab 13  2.0cd 15        5.0c   15 
F.pennsylvanica  0.6ab  6 1.5b  7   2.6abc    7 
M.alba       0.5a 15 1.3b 16  2.2ab   11 
P.euphratica 0.8b  8  1.6bc 13  3.7bc   92 
P.nigra var. pyramidalis 1.3c  7     2.1d 11  4.0bc   15 
P.armeniaca 0.5a  1     0.9a  9       1.2a     2 
S.japonica 0.6a  2     0.8a  9 1.1a     7 
S.nigra 1.1c  7 1.7bc 12   3.2abc   58 
U.pumila  0.7ab  7     1.4b 10   2.8abc   47 

Loamy soil 
C.bignonioides 0.5a  4     1.3c 12 2.0ab   44 
E.angustifolia 1.0b  8     1.3c 13 4.0bc   19 
F.pennsylvanica 0.6a  4  1.2abc  6      1.9a   35 
M.alba 0.5a 13     1.2bc 21  3.4abc   40 
P.euphratica 0.6a  6 0.8ab  7      1.5a   17 
P.nigra var. pyramidalis 1.2b 21     1.9d 21 3.2abc 109 
P.armeniaca 0.5a  3 0.8ab 10      1.8a  22 
S.japonica 0.5a  3     0.8a  8 2.0ab   0 
S.nigra 1.1b 22 1.7cd 18      4.3c 96 
U.pumila 0.5a 11  1.2abc 13 3.2abc 45 

Analysis of variance, probability > F(=α) 
Species <0.001 <0.001 <0.001 
Soil   0.721 <0.001   0.959 
Species*Soil <0.001   0.001   0.060 
MaP <0.001 
Species*MaP <0.001 
MaP*Soil   0.001 
Species*Map*Soil <0.001 
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Further measurements at 7 and 19 MaP showed an increased CV, indicating 

that the initial homogeneity did not last for the majority of the species, which, at these 

later stages, showed significant differences in size.  

The start with 1-year-old saplings (post seedling phase) instead of very young 

seedlings as used in other studies (e.g., Shipley, 2002) was motivated by previous 

conclusions that an RGR ranking of species based on early identified parameters would 

be premature when searching for indicators that should reflect performance during 

longer periods of growth in the wild (Sack and Grubb, 2001). Moreover, due to the 

inherent differences in seed size of the tree species and hence seedling weight following 

germination, even a thorough selection could not have achieved the recommended 

equality, which was, however, more feasible after 12 months. Therefore, a comparison 

of the findings of this study with other results is justified.  

 

4.3.1 Conventional growth assessment parameters  

The growth assessment with the use of conventional parameters such as increment in 

height and diameter (RGRH and RGRD, respectively) showed significant differences 

among species and between seasons (Table 4.2).  

At 7 MaP, RGRH and RGRD were superior for a number of species compared 

to 19 MaP. Among those, S. nigra, P. armeniaca and U. pumila showed the highest 

RGRH, whereas C. bignonioides, M. alba and U. pumila exhibited superior RGRD.  

At 19 MaP, E. angustifolia, which was found in the middle quartiles at 7 MaP, 

ranked top for both height and diameter, whereas S. nigra maintained the highest RGRH 

and was also superior in terms of RGRD (Table 4.3). Ranking showed inferior RGRs for 

species such as S. japonica and P. armeniaca for both RGRH and RGRD.  
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Table 4.2:  Species means of relative growth rate (RGR) and RGR in height (RGRH) 
and diameter (RGRD) at 7 and 19 MaP 

 Numbers in brackets indicate the number of trees observed 
 Values not having superscripts in common differ significantly 

Species 
RGR 

(mg g-1 d-1) 
RGRH   

(mm d-1) 
RGRD 

(mm d-1) 

7 MaP  
C.bignonioides(28) 1.66f 0.051d       0.007c 
E.angustifolia (35)  1.32de 0.048d       0.006bc 
F.pennsylvanica (28)  0.91bc  0.042cd       0.005bc 
M.alba (13)   1.20cde  0.038cd       0.006c 
P.euphratica (16) 1.47ef  0.026bc       0.004ab 
P.nigra var. pyramidalis (33) 1.12cd  0.018ab       0.004a 
P.armeniaca (29)         0.59ab     0.073a       0.003a 
S.japonica (18)         0.52a  0.013ab       0.003a 
S.nigra (35)  1.14cde 0.107a       0.003a 
U.pumila (34) 1.05cd 0.052d       0.006bc 

19 MaP  
C.bignonioides (6)         2.16d  0.028ab       0.003ab 
E.angustifolia (13)         1.61c 0.054b       0.007b 
F.pennsylvanica (10)         1.03b  0.029ab       0.004ab 
M.alba (12)         1.26bc     0.020a       0.004ab 
P.euphratica (8)         1.56c  0.027ab       0.004ab 
P.nigra var. pyramidalis (11)         1.16bc 0.026a       0.004ab 
P.armeniaca (6)         0.83ab 0.012a       0.003ab 
S.japonica (4)         0.46a 0.018a       0.003a 
S.nigra (24)         1.13bc  0.031ab       0.006ab 
U.pumila (9)         1.24bc  0.027ab       0.005ab 

Analysis of variance, probability > F(=α) 
Species       <0.001   <0.001     <0.001 
MaP 0.001   <0.001     <0.001 
Soil 0.003     0.389       0.972 
Species*MaP 0.182   <0.001     <0.001 
Species*Soil       <0.001     0.425       0.353 
Map*Soil         0.540     0.005     <0.001 
Species*MaP*Soil         0.178   <0.001     <0.001 
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Table 4.3:  Ranking of tree species according to relative growth rate (RGR), leaf area ratio (LAR), specific leaf area 
(SLA), net assimilation rate (NAR), leaf weight ratio (LWR), and RGR in height (RGRH) and diameter 
(RGRD) 

 Ranking is according to descending values presented in Tables 4.2 and 4.5. The highest score is 1, the lowest 
is 10. Species with the same score were assigned the highest score, but the same rank number. Values and 
species names in bold are for visual reference only 

Species Prunus 
armeniaca 

Catalpa 
bignonioides 

Elaeagnus 
angustifolia 

Fraxinus 
pennsylvanica 

Morus 
alba 

Populus 
euphratica 

Populus nigra 
var. pyramidalis 

Sophora 
japonica 

Salix 
nigra 

Ulmus 
pumila 

 
  Parameter                                                                        7 MaP  

RGR (mg g-1d-1)           9 1 3 8 4 2 6 10 5 7 

LAR (cm2 g-1)  7 5 1 6    10 7 3   9 2 4 

SLA (m2 g-1) 3 9 2 7    10 9 4   6 1 5 

NAR (g m-2 d-1)  7 2        10 4 1 3 9   5 8 6 

LWR (g g-1) 9 1 3 8 4 2 6 10 6 7 

RGRH (cm d-1) 2 4 5 6 7 8 9 10 1 3 

RGRD (mm d-1) 8 1 4 5 2 6 7 10 9 3 

Overall 9 1 2 7 6 5 7 10 3 4 

                                                                                                      19 MaP 

RGR (mg g-1d-1)           9 1 2 8 4 3 6 10 7 5 

LAR (cm2 g-1)  9 2 5 5 6 8 1 10 8 5 

SLA (m2 g-1) 4 7 9 3 9        10 1   3 7 5 

NAR (g m-2 d-1)  9 5 4 7 2 3           10   8 1 6 

LWR (g g-1) 9 1 2 8 5 3 7 10 7 5 

RGRH (cm d-1)       10 4 1 2 8 5 7   9 3 6 

RGRD (mm d-1) 8 9 1 7 4 5 6 10 2 3 

Overall 9 2 1 8 6 5 6 10 3 3 
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4.3.2 Correspondence of RGR to the conventional growth parameters 

Pearson coefficients showed very low correlations between RGR*RGRD except in 23% 

of the cases (Table 4.4). RGR*RGRD correlations were even negative in 41% of the 

cases. A similar trend was shown for RGR* RGRH, which suggests low consistency of 

RGR with conventional growth assessment parameters.   

 

Table 4.4:  Pearson correlation coefficients between growth components according to 
species, harvest date and soil texture 

 Values in bold show non-significant correlation 
7 MaP 19 MaP 7 MaP 19 Map 

sandy loamy sandy loamy sandy loamy sandy loamy Species 

RGR * RGRD RGR *RGRH 
C.bignonioides   0.31 -0.66 — -0.12   0.28 -0.65 —   0.09 
E.angustifolia  -0.28  0.45 -0.30  0.00 -0.70  0.18  0.38   0.36 
F.pennsylvanica  -0.15  0.81  0.29 -0.68  0.09  0.75 -0.13 -0.80 
M.alba  -0.55  0.33  0.22  0.82 -0.79 -0.20 -0.54  0.21 
P.euphratica   0.04 — -0.59  0.08  0.27 — -0.42 -0.97 
P.nigra var. pyramidalis   0.48  0.29 —  0.24 -0.24   0.49 —  0.07 
P.armeniaca   0.47  0.41 —  0.94  0.28   0.16 —  0.98 
S.japonica  -0.11 0.59 — — -0.45   0.33 — — 
S.nigra  -0.19  -0.16 -0.04  0.09 -0.34   0.54 -0.03  -0.03 
U.pumila   0.31  -0.25  0.35 -0.49  0.06 -0.50  0.19  -0.70 

 

4.3.3 RGR and its underlying components 

The means of RGR and its constituents are shown in Tables 4.2 and 4.5. Similar to a 

growth assessment based on the conventional parameters, ANOVA revealed a highly 

significant influence of tree species on all variables. Harvest date was significant for all 

parameters with the exception of NAR, while soil type was important only for LWR, 

RWR, LAR, and RGR. 

The RGR values estimated at 7 and 19 MaP ranged within 0.46 – 2.16 mg g-1d-1 

(Table 4.2). RGR was superior at 19 MaP for all species except S. japonica and S. 

nigra, for which it remained about the same. Relatively high RGR is often considered 

decisive for species selection as it points at fast-growing species, whereas examining the 

share of the RGR components assists in understanding the mechanisms utilized by 

various species to achieve higher RGR. Trees may increase LWR (i.e., through a large 

proportion of biomass as leaves) or develop a high NAR (indicating a high 

photosynthetic rate per leaf unit) or a high SLA (indicating development of a large area 

per unit of leaf mass and thus thin leaves). 
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Table 4.5:  Species means of estimated growth parameters according to harvest dates: 
leaf area ratio (LAR), specific leaf area (SLA), net assimilation rate 
(NAR), leaf weight ratio (LWR), and root weight ratio (RWR) 

 Numbers in brackets indicate the number of trees monitored 
 Values not having superscripts in common differ significantly 

Species LAR 
(cm2g-1) 

SLA 
(m2 g-1) 

NAR 
(g m-2 d-1) 

LWR 
(g g-1) 

RWR 
(g g-1) 

7 MaP 
C.bignonioides (28)    14ab 0.005a 1.78c 0.25f   0.46bc 
E.angustifolia (35)       56d 0.031b 0.31a  0.20de 0.35a 
F.pennsylvanica (28)       12ab 0.009a  0.83ab  0.14bc 0.57d 
M.alba (13)   7a 0.004a 3.40d   0.18cde  0.46bc 
P.euphratica (16)   11ab 0.005a  1.54bc  0.22ef   0.42abc 
P.nigra var. pyramidalis (33)   27bc  0.019ab 0.42a  0.17cd  0.37ab 
P.armeniaca (29)   11ab  0.022ab 0.49a  0.09ab   0.44abc 
S.japonica (18)     8ab  0.011ab 0.60a 0.08a 0.58d 
S.nigra (35)   44cd 0.031b 0.46a   0.17cde   0.42abc 
U.pumila (34)   20ab  0.014ab 0.53a  0.16cd  0.50cd 

19 MaP 
C.bignonioides (6) 25c 0.008a 0.90a 0.32d     0.38bc 
E.angustifolia (13)   16abc 0.007a 1.01a 0.24c     0.18a 
F.pennsylvanica (10)   16abc 0.011a 0.64a 0.15b     0.48cd 
M.alba (12)  14ab 0.007a 1.90a  0.19bc     0.38bc 
P.euphratica (8)  13ab 0.005a 1.26a 0.23c     0.30ab 
P.nigra var. pyramidalis (11)  22bc 0.019a 0.58a  0.17bc     0.35b 
P.armeniaca (6) 11a 0.010a 0.70a  0.12ab     0.35b 
S.japonica (4)  7a 0.011a 0.63a 0.07a     0.61d 
S.nigra (24) 13ab 0.008a 2.35a  0.17bc     0.34b 
U.pumila (9)  16abc 0.009a 0.78a  0.19bc     0.43bc 

Analysis of variance, probability > F(=α) 
Species <0.001    0.023 <0.001 <0.001 <0.001 
MaP   0.015    0.021   0.847     0.001 <0.001 
Soil   0.020    0.560   0.758     0.003   0.028 
Species*MaP <0.001    0.017   0.012     0.182   0.103 
Species*Soil     0.505    0.345   0.205 <0.001   0.348 
MaP*Soil     0.216    0.730   0.611     0.530   0.014 
Species*Map*Soil     0.400    0.384   0.326     0.178   0.792 

 

Previous RGR studies involving trees prioritized NAR even at low levels of 

irradiance, as the trees often reach light saturation at lower irradiance (Shipley, 2002). 

However, Poorter (1999) monitored in trees a changing correlation between RGR*NAR 

and RGR*SLA with the level of daily irradiance: at lower irradiance the correlation 

RGR*SLA dominated, whereas at higher irradiance NAR was strongly correlated with 

RGR. This was confirmed by laboratory experiments with herbaceous plants and young 

saplings (Shipley, 2002). Consequently, it was concluded that both NAR and SLA are 
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important for the determination of RGR, but their importance changes with irradiance. 

SLA in particular has been found useful as a suitable indicator for the assortment of tree 

species, at least during early growth (Antunez et al., 2001; Shipley, 2002).  

In the current study, in 55% of all cases RGR correlated (r>=0.55) with SLA 

both at 7 and 19 MaP (Table 4.6). Although these high correlations were often negative, 

in 33% of the cases they were positive. A high interdependence of RGR*NAR was 

found in 53% of the cases (r>=0.55), among which both positive and negative 

correlations occurred in 40 and 60% of the cases, respectively.  

 

Table 4.6:  Pearson correlation coefficients for growth components according to 
species, harvest dates and soil textures 
Values in bold show non-significant correlation 

7 MaP 19 MaP 7 MaP 19 MaP 
sandy loamy sandy loamy sandy loamy sandy loamy 

 
Species 

 RGR * SLA RGR * NAR 
C.bignonioides   0.70 -0.19  0.72 -0.43 -0.68  0.19 -0.81  0.04 
E.angustifolia   0.26 -0.58 -0.43  0.24 -0.41  0.58  0.41 -0.19 
F.pennsylvanica   0.41  0.27  0.93 -0.30 -0.17 -0.24 -0.92  0.23 
M.alba   0.25 -0.26  0.81  0.49 -0.15 -0.11 -0.85 -0.72 
P.euphratica   0.45 —  0.26 -0.55 -0.34 — -0.24  0.54 
P.nigra var. pyramidalis -0.80 -0.58  1.00 -0.83  0.83  0.62 -1.00  0.57 
P.armeniaca -0.67 -0.73  1.00 -0.98  0.96  0.75 -1.00  0.95 
S.japonica -0.81 -0.63 -0.73 —  0.84  0.63  0.69 — 
S.nigra -0.13 -0.74 -0.58 -0.46 -0.16  0.35  0.16  0.36 
U.pumila -0.64 -0.47 -0.40  0.97  0.69  0.34  0.39 -0.98 

 

The importance of NAR was expected given the mean daily irradiance of 50-

62 mol m-2 d-1 during the growing seasons in Khorezm, which by far exceeds irradiance 

levels used in growth chamber trials. However, in this study the importance of NAR 

differed according to species. The interspecific differences in RGR were associated with 

variations in either NAR or SLA, which, depending on the species, compensated for 

each other (Table 4.6). The increase in NAR from one season to the other in P. 

armeniaca, E. angustifolia, P. nigra var. pyramidalis, S. nigra, S. japonica and U. 

pumila corresponded with a decrease in SLA (and LAR), while the opposite trend was 

observed with C. bignonioides, F. pennsylvanica, and M. alba (Table 4.5). At 19 MaP, 

NAR and SLA differences among species were insignificant (Table 4.5) as compared to 

7 MaP. Yet, these differences remained for RGR (Table 4.2) and LAR (Table 4.5) at 

both harvest dates.  
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Although the usually monitored overriding importance of NAR at high 

irradiance was not confirmed by results of this study, several other trends were 

consistent with previous findings. This includes the highly negative correlation of 

NAR*SLA, which is in line with the suggested buffering of RGR due to a trade-off 

between NAR and SLA (Poorter, 1989; Shipley, 2002). Although the latter has been 

concluded for herbaceous plants and young (less than 30 days old) tree saplings, this 

seemed to have applied in this study with older trees, at least when only self-shaded 

(Figure 4.1).  
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Figure 4.1:  Negative trade-off between NAR and SLA in determining RGR. Different 
points represent species means according to year and soil texture 

 
Several other trends were also consistent with the laboratory experiments, such 

as the strong and negative correlations between NAR and LAR, which occurred in 79% 

of the cases. This is in line with the previous conclusions that an increasing NAR 

implies a decreasing LAR (Poorter, 1989). The observed high positive correlations (in 

71% of the cases) between LAR*RGR for all species in both years also correspond to 

previous findings.  

Species ranking according to each of the examined parameters varied 

considerably (Tables 4.3 and 4.5), both between growing seasons and according to 

species. For example, ranking with regard to SLA at 7 MaP emphasized S. nigra and E. 

angustifolia, which relatively quickly achieved high biomass. Lowest SLA was found 

with C. bignonioides, P. euphratica and M. alba, which concurrently showed the 

greatest values of NAR (Table 4.5). However, at 19 MaP, SLA ranking resulted in P. 

nigra var. pyramidalis, S. japonica and F. pennsylvanica in the upper places. Only a 

species ranking according to RGR and LWR showed an identical order at 7 and 19 
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MaP. At 19 MaP, RGRs appeared to be well-related to shoot and root growth, which is 

suggested by high positive and negative correlations with shoot and root weight, 

respectively (correlations are not shown). 

 

4.4 General discussion 

Various studies have concluded that long-term experiments to assess tree suitability for 

site conditions are most appropriate (Sack and Grubb, 2001; Tomar et al., 2003). 

However, this recommendation demands considerable resources in terms of time, 

material, space, and funds. Other studies (Poorter and van der Werf, 1998; Shipley, 

2002) advocate short-term, intensive monitoring of specific parameters such as NAR, 

LAR, and SLA, but consequently can usually only guess the impact on long-term 

suitability. One option would be to combine these methods and examine whether they 

can complement each other to determine the suitability of tree species for afforestation. 

However, prior to the decision on the suitability of the growth parameters it should be 

ascertained if the growth parameters collected on trees grown in the field respond in a 

similar way to those usually collected under highly controlled and artificial conditions 

(Shipley, 2000).  

 

4.4.1 RGR and its underlying components 

The estimated RGR values at the two observation periods were lower for all species 

compared to other studies (Antunez et al., 2001; Shipley, 2002). This may be due to a 

combination of various factors such as the age of the trees and therefore self-shading 

effects or the poor growing conditions, since plants exposed to salt, nutrient or water 

stress generally have a low RGR (Poorter, 2002). Also, previous studies were laid out to 

estimate the potential rather than the actual RGR (Poorter and de Jong, 1999; Shipley, 

2002). Since larger plants may have lower RGRs because of shelf-shading and 

investment in supporting plant fractions (Poorter and Remkes, 1990), numerous 

laboratory experiments used young seedlings for short periods only. Although the 

planting density in this study prevented mutual shading, self-shading could have 

occurred, in particular with the faster growing species in the second observation year. 

This could only have been avoided by pruning the trees accordingly, which would have 

directly affected SLA and NAR (Poorter, 1989) and, therefore, would have biased the 
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results.  The NAR, LAR and SLA values were also low compared to other research 

findings. However, this is consistent with observations of Poorter and de Jong (1999) 

who concluded that SLA and NAR values from field-grown plants were generally lower 

than those from plants raised in the laboratory.  

Overall, the observations of trees grown in field conditions in this study show, 

on the one hand, lower absolute values when compared with previous (mainly 

laboratory) studies which, however, is in line with expectations. On the other hand, the 

important tendencies and the correlations between the functional traits correspond to 

those in the previous findings (section 4.3.3). 

 

4.4.2 Suitability of RGR to select species for afforestation 

The urgency of improving the degraded land patches and concurrently generating 

additional income for farmers by harvesting fruits, fodder and/or fuelwood from these 

trees requires species with fast (early) growth, which thus would indicate a high RGR. 

Trees may achieve rapid growth in different ways, such as by a high LWR or NAR or 

an increased SLA. This is confirmed by the presented findings where the recorded fast 

growth of E. angustifolia at 19 MaP was caused by a high LAR due to increased LWR. 

In contrast, the quick growth of, for example, S. nigra, at 19 MaP was mainly caused by 

a high NAR. Considering these options, it would be short-sighted to use a single factor 

for ranking and selection, since it is not certain which of the underlying traits controls 

RGR the most. 

Another reason to advocate the use of integral criteria for species selection is 

the varying growth environment under the agro-climatic conditions of Khorezm. 

Although the shallow (though saline) groundwater provides sufficient soil moisture, the 

GWT can drop drastically during drought years (Ibrakhimov, 2005). When considering 

the water stress factor, one would opt for trees that can restrict water loss, e.g., via 

reduced transpiration, which could be achieved with thicker leaves (Larcher, 1995). 

This in turn would be expressed in the SLA: the thicker the leaves, the lower the SLA. 

If coping with the high saline groundwater levels is given a priority, one could consider 

the necessity of high transpiration rates of trees (together with salinity tolerance) to 

lower the elevated GWT through biodrainage.  
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Despite the relationship between SLA and transpiration rate, the present 

results show that using the SLA alone for species selection is questionable. Leaf 

transpiration measured at 19 MaP shows that F. pennsylvanica and S. nigra had a high 

SLA and high transpiration, which would follow the initial line of argumentation. In 

contrast, E. angustifolia that, at 19 MaP, had one of the lowest SLAs, maintained the 

highest daily transpiration (section 5.3.3) and the highest growth rate. Thus, a 

combination of factors is important not only for species selection per se, but also 

because the differences in the scope of problems may require a judicious selection of 

often different functional traits.  

One option to bypass this dilemma is the consideration of a mixed stand of tree 

species that show a high growth rate irrespective of the driving underlying component. 

When following this approach in this study, several species were excluded as high 

potential species whereas a few others fulfilled the requirements. Thus, the present 

results indicate E. angustifolia and P. euphratica to be the most promising species 

(Tables 4.3 and 4.5). These combine a high RGR with a high LWR and a low SLA, 

which are adequate characteristics that meet the multiple requirements. Furthermore, the 

choice of these species is in line with conclusions in the study based on absolute 

biomass production factors (section 3). In contrast, the exotic species C. bignonioides, 

although showing the highest RGR (due to high LWR) also had low survival rates 

resulting in almost complete failure at the sandy site and low biomass productivity, a 

feature undesirable for afforestation.  

 

4.5 Conclusions 

Afforestation is considered as a suitable option for setting aside degraded agricultural 

land patches in Khorezm, but this demands knowledge on suitable tree species and 

criteria for their selection. Plant ecologists often recommend RGR measurements, which 

demand considerable resources in space and time, but give clear results in short-term 

studies. In this study, RGR, NAR and SLA showed high and significant differences 

among species, which is positive for the issue of selection, but also between years, 

which makes these parameters less suitable. Hence, (very) short studies cannot capture 

the processes of long-term natural establishment, which need to be considered prior to 

afforesting the degraded agricultural land. If at all, the intensive measurements needed 
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to capture RGR and its underlying components should take place later rather than earlier 

in the tree life cycle, so that long-term trends can be observed, thus supporting decision-

making regarding the appropriate species selection. Complementary measurements will 

enhance the tree assortment and, consequently, decision-making with respect to 

afforestation to initiate the rehabilitation of the degraded agricultural landscapes in the 

Aral Sea Basin. Although the aim was to search for a methodology to capture suitable 

growth indicators for sustainable growth as quickly as possible, it seems that the 

recommended methodologies and long- or short-term approaches will be most effective 

when used together and complementing each other. The present results indicate E. 

angustifolia and P. euphratica as the species with the highest potential, which is in line 

with the conclusions from the previous study based on other criteria. 
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5 BIODRAINAGE POTENTIAL OF THE MULTIPURPOSE TREE 

SPECIES  

 

5.1 Introduction  

Afforestation of degraded land, characterized by soil salinity, rising saline GWT and 

low soil fertility, demands tree species that can tolerate these growth constraints, 

establish easily, grow quickly and concurrently offer useful by-products. Finally, to 

provide the ecological benefit of mitigating the elevated GWTs, species should exhibit 

the potential for biodrainage.  

Biological drainage uses the transpirative capacity of vegetation and especially 

trees to reduce elevated GWTs in the landscape (Heuperman et al., 2002). Since 

conventional drainage systems require high capital investments for installation, 

operation and maintenance, the implementation of biodrainage has been suggested as a 

cost-effective addition or even alternative (Heuperman et al., 2002). Designing efficient 

biodrainage plantations to enhance the discharge of shallow and saline GWTs involves a 

careful selection of suitable tree species with preference to those having a high 

transpiration capability (Heuperman et al., 2002). The in-depth overview by Heuperman 

et al. (2002) emphasized the need to include, in addition to water use (WU) capability, 

other parameters for tree selection such as salinity tolerance and rooting characteristics. 

Among the latter, deep rooting, significant horizontal root system extension and 

increased root density indicate suitability for biodrainage purposes. Moreover, 

Heuperman et al. (2002) advocated the inclusion of site-specific characteristics, thus 

stressing the need for studies in field conditions. 

The assumption that WU per unit leaf area (LA) differs among tree species has 

been debated. Given the lack of evidence that stomata behavior varies among species 

even if water stressed, Landsberg (1999a) concluded that WU per unit LA is not an 

appropriate indicator for the choice of species. In contrast, Deans and Munro (2004) 

examined WU of dry-land trees such as Acacia seyal Del. and Acacia aneura F. Muell. 

ex Benth. and revealed significant species-related differences. The extended knowledge 

on tree WU in Uzbekistan is debatable, since transpiration rates of locally grown tree 

species were estimated (e.g., Botman, 1988; Mikhailova, 1986) solely by using 
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destructive gravimetric methods measuring weight differences over periods of several 

minutes (Ivanov et al., 1950) and relating those differences to a leaf fresh mass. 

To test the hypothesis whether transpiration rates per unit LA are the same 

irrespective of tree species, the present study examined the characteristics of nine native 

and introduced tree species under the agro-ecological conditions of Khorezm. An effort 

was made to identify those species which combined a high WU with salinity tolerance 

and an ability to rapidly produce high quality fodder and fuelwood, as this may increase 

farmers’ willingness for adopting the low-cost biodrainage technology.  

 

5.2 Materials and methods 

5.2.1 Study sites 

The research was conducted at the Khiva Research Station of the Uzbek Forestry 

Research Institute. Figure 5.1 depicts the experienced atmospheric parameters that 

govern the loss of water via leaf transpiration. 

  

 

 

 

 

 

 

 

 

 

 

Figure 5.1:  Air temperature (T), relative humidity (RH) and photon flux density (PFD) 
in the beginning (14 (MaP), middle (16 MaP) and the end (7 and 18 MaP) 
of the growing seasons in 2002-2003 

 

a) beginning (14 MaP)

0

10

20

30

40

50

60

70

T,
 ºC

 &
 R

H
, %

0

400

800

1200

1600

2000

P
FD

, µ
m

ol
 m

-2
 s

-1

AT
RH
PFD

b) middle (16 MaP)

0

10

20

30

40

50

60

70

T,
 ºC

 &
 R

H
, %

0

400

800

1200

1600

2000

P
FD

, µ
m

ol
 m

-2
 s

-1

c) end (18 MaP)

0

10

20

30

40

50

60

7-8 9-10 11-12 13-14 15-16 17-18 19-20
Time, h

T,
 ºC

 &
 R

H
, %

0

400

800

1200

1600

2000

P
FD

, µ
m

ol
 m

-2
 s

-1

d) end (7 MaP)

0

10

20

30

40

50

60

7-8 9-10 11-12 13-14 15-16 17-18
Time, h

T,
 ºC

 &
 R

H
, %

0

400

800

1200

1600

2000

P
FD

, µ
m

ol
 m

-2
 s

-1



Biodrainage potential of the multipurpose tree species 

51 

Plantations were established at two sites, which were levelled and leached 

from salts prior to the experiment to provide homogeneity of initial growing conditions. 

The available water content estimated as the difference between soil moisture at the 

field capacity (FC) and at the wilting point (WP) determined by the pressure membrane 

method (Klute, 1986) averaged 89 and 49 mm m-1 within the examined profiles at the 

loamy and sandy site, respectively. Due to adequate availability of irrigation water in 

the region during the study years, and thus the presence of intensively irrigated rice 

fields in the vicinity, and a high GWT, the trees at the loamy site only needed occasional 

surface irrigation. At the sandy site, only one irrigation event was necessary at the onset of 

both growing seasons. For the rest of the time, the trees relied on the GWT. As the soil 

moisture measured throughout the experimental period was maintained near or above 

field capacity (Figure 5.2), the water uptake by roots very likely met the requirements of 

potential evapotranspiration imposed by atmospheric factors.  

 

 

 

 

 

 

 

 

 

Figure 5.2:  Volumetric soil moisture at the study sites during growing seasons 2002-
2003. Thin lines represent soil moisture observed at various dates 
throughout growing seasons in 2002 and 2003 

 

Post-leaching soil salinity did not increase significantly, and by the end of the 

growing seasons both sites remained slightly saline. The sandy soil was of relatively 

higher salinity. More details on soil properties are reported in section 3.2.1. 

The GWT at the sandy site was in the range of 0.7-1.3 m during the growing 

period, whereas at the loamy site it ranged from 1.0 to 1.3 m. Thus, the average GWT 

depth monitored at the sites was equal or less than the long-term mean of 1.22 m for the 

20

40

60

80

100

0 5 10 15 20 25 30 35 40 45
Soil moisture, vol%

H
or

iz
on

, c
m

Field capacity Wilting point

a) Loamy site
Soil moisture, vol%

0 5 10 15 20 25 30 35 40 45

b) Sandy site



Biodrainage potential of the multipurpose tree species 

52 

region (Ibrakhimov et al., 2004) during corresponding months. The GWT dropped 

during the winter and rose again with the start of spring leaching in the surrounding 

agricultural fields. Over both observation years, mean electrical conductivity (EC) of 

GW was higher at the non-irrigated sandy site (4.3 dS m-1 vs. 3.3 dS m-1 at the loamy 

site). Both exceeded the long-term mean salinity of 1.8 gl-1 (Ibrakhimov et al., 2004).  

 

5.2.2 Experimental design  

The experiment was laid out in a randomized incomplete block design with six 

replications. Details on the experimental design and tree species studied are provided in 

sections 3.2.2. and 4.2.2. 

 

5.2.3 Transpiration rates and leaf area 

Leaf transpiration rates of eight trees per species were measured with a steady state 

porometer (Li-cor 1600) (Figure 5.3). 
 

 

 

 

Figure 5.3:  Li-cor 1600 steady state porometer - diagram and picture of the console 
and cuvette 

 

The device operates on a null-balance principle where the ambient relative 

humidity (RH) is used as a null point. When a transpiring leaf is fixed over the 
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porometer cuvette causing the inside RH to rise, the flow controller increases the dry air 

flow rate into the cuvette. This balances the transpired vapor until the cuvette RH is 

brought back to the null point. Consequently, leaf water loss is determined by the 

porometer microcomputer from the measured flow rate of dry air necessary to maintain 

a constant RH inside the cuvette. Stomatal resistance is calculated directly from the 

measured values of RH, leaf and air temperature, and flow rate. The resistance 

measurements are automatically corrected by the porometer for the boundary layer 

resistance using the value of 0.15 s cm-1 (Li-cor, 1989). The irradiance (photon flux 

density) is also measured by the porometer sensor.  

First porometer measurements were taken at 7 MaP, the end of the first 

growing season, when the leaf area became sufficiently large to fit the narrow leaf 

aperture cap. Subsequent measurements were conducted 3 times during the growing 

season for 5 consecutive days: shortly after the leaves flushed, in the middle and at the 

end of the season, which corresponded to 14, 16, and 18 MaP. At each tree, the abaxial 

side of 3-4 sunlit leaves was measured every 2 hours during 13 hours of sunshine 

duration. The fine and scaly leaves of T. androssowii were not suitable for the available 

aperture cap. Also, P. euphratica at the loamy site developed very narrow leaves 

inappropriate for the aperture cap. Due to logistic limitations during the second season, 

at the sandy site only three species could be measured at 14, 16, and 18 MaP. These had 

shown high growth and utility potential at 7 MaP. 

At 7 and 19 MaP (the end of the growing seasons in 2002-2003), the observed 

trees were completely defoliated to determine leaf mass. One-side LA was measured 

with a leaf area meter (Li-cor 1200). Daily canopy transpiration was roughly estimated 

using total LA of the measured trees and assuming no self-shading within canopies. 

Water use efficiency (WUE) of the trees was calculated as the estimated canopy 

transpiration with relation to below- and above-ground dry matter (DM) production 

according to Larcher (1995, pp.121 ff).  

 

5.2.4 Biomass  

Above- and below-ground DM, maximal rooting depth and radius, and length of fine 

and coarse roots were determined as described in section 3.2.4. The relative relationship 

of the above- and belowground DM was expressed as root to shoot ratio (RSR). 
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5.2.5 Groundwater table fluctuation and salinity 

The GWT was monitored using four observation wells (∅=4 cm) installed down to a 

depth of 1.8-2.2 m. Polyethylene pipes were closed at the bottom, perforated and 

protected from clogging with a fine synthetic filter. The EC of the GW was measured 

every 10 days as well as immediately before and after each irrigation event.  

 

5.2.6 Statistical analyses 

The ANOVA was performed using the GLM procedure. With bivariate Pearson 

correlation coefficients the relations were tested between mean daily transpiration rate 

and environmental and physiological parameters measured at 7 and 19 MaP. The effect 

of the treatment variables such as tree species and soil type and their interactions were 

compared at p<0.05 level of significance. Individual treatment means were compared 

with the Tukey post hoc test where the ANOVA test had indicated significant effects. 

All statistics were carried out with SPSS v11.0 software. 

 

5.3 Results 

5.3.1 Above-ground biomass 

The total DM production at 7 MaP was in general higher for all tree species at the sandy 

site, but at 19 MaP some trees at the loamy site had gained higher total DM. The 

utilizable (leaves and wood) above-ground DM at 7 MaP was also higher at the sandy 

site, but at 19 MaP for a number of species this did not differ significantly between the 

two sites. The root/shoot ratios (RSR) were consistently higher at 7 MaP than at 19 MaP 

especially for the sandy soil, but the soil-specific difference disappeared for most 

species at 19 MaP (Figure 5.4). With regards to total DM production E. angustifolia, P. 

nigra var. pyramidalis and U. pumila, always ranked in the upper quartiles irrespective 

of soil type and harvest date. Populus euphratica, though a good performer at the sandy 

site, was hardly productive in the loamy soil. Salix nigra and M. alba, however, had a 

higher total DM production at 19 MaP at the loamy site and ranked in the upper 

quartiles. Whereas growth of a species such as U. pumila was shifted towards the 

below-ground DM, other species, e.g., E. angustifolia, invested relatively more in the 

above-ground DM, as suggested by their lower RSR.  
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Figure 5.4:  DM production of species sectioned into: coarse and fine roots, stem, twigs 

and leaves as well as root/shoot ratio according to the soil type and harvest 
date. Connecting lines of RSR indicate trends. Species are ranked in 
descending order according to the total biomass in the sandy soil. PA = P. 
armeniaca, CB = C. bignonioides, EA = E. angustifolia, FP = F. 
pennsylvanica, MA = M. alba, PE = P. euphratica, PN = P. nigra var. 
pyramidalis, SN = S. nigra, UP = U. pumila 

 

5.3.2 Root growth parameters  

The ANOVA revealed a highly significant influence of species, soil and harvest date 

and their interactions on all root growth parameters except for the maximal depth of 

coarse roots. The latter differed significantly for tree species only at the loamy site.  
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At 7 MaP, the DM and, for the most part, total lengths of the fine roots were 

greatest at the sandy site (Figure 5.5). At 19 MaP, these trends were maintained, 

although some species such as P. armeniaca and C. bignonioides did not perform 

significantly worse at the loamy site. An exception occurred with the fine root DM of 

M. alba, which was almost 50% higher in the loamy than in the sandy soil at 19 MaP. 

  

0

20

40

60

80

100

120

EA PN PE UP FP SN M
A CB PA EA PN PE UP FP SN M
A CB PA

sandy loamy

R
oo

t l
en

gt
h 

an
d 

ra
di

al
 e

xt
en

si
on

, m 0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

D
ep

th
, m

b) 19 MaP

0

2

4

6

8

10

12

14

16

EA CB UP PN PE FP SN M
A PA EA CB UP PN FP SN M
A PA

sandy loamy

R
oo

t l
en

gt
h 

an
d 

ra
di

al
 e

xt
en

si
on

, m

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

D
ep

th
, m

Fine root length
Coarse root length
Ground water table
Maximal root depth
Maximal root radius*10

a) 7 MaP

 
Figure 5.5:  Length of coarse and fine roots, max radius and depth of root systems of 

tree species and the GWT according to the soil type and harvest date. Values 
of max radius are multiplied by 10 to improve visualization. Species are 
ranked in descending order according to the total length in the sandy soil. 
PA = P. armeniaca, CB = C. bignonioides, EA = E. angustifolia, FP = F. 
pennsylvanica, MA = M. alba, PE = P. euphratica, PN = P. nigra var. 
pyramidalis, SN = S. nigra, UP = U. pumila 
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Growth response of structural roots to the soil texture was not uniform. With 

age, M. alba, S. nigra and P. armeniaca developed considerably greater coarse root DM 

in loamy soil (Figure 5.4). However, their coarse root lengths did not differ significantly 

with soil type (Figure 5.5). The other species developed higher structural root mass and 

length in sandy soil.  

A shallow GWT at both sites prevented root development below the capillary 

fringe. Even U. pumila, a species genetically predisposed to develop deeply penetrating 

tap roots (Forestry Compendium, 2000), had no primary root, but instead a rather dense 

and superficial lateral root system. Trees at the loamy site rooted in general more deeply 

at 19 MaP, due to the lower GWT. The radial extension of coarse roots in sandy soil 

varied according to species and was considerable, particularly for both Populus spp. At 

the loamy site, the horizontal spread of the coarse roots varied according to species but 

only at 7 MaP, with P. nigra var. pyramidalis exploiting the largest radius (Figure 5.5).  

Among the examined root parameters, fine root length was highly and 

positively correlated with transpiration rates of the trees. Although rooting depth was 

not consistently different among the species, increased transpiration was correlated with 

the vertical expansion of the root systems. Tree species with considerable horizontal 

extension exhibited rather low root length densities (RLD), and therefore correlations 

between transpiration rate and RLD were poor and in most cases even negative. 

Correlation coefficients between transpiration and total tree LA were mostly high but 

did not indicate a consistent correlation (Table 5.1).  

Despite differences in species performance due to soil type, harvest date and 

parameter measured, E. angustifolia, both Populus spp. and U. pumila were found in the 

upper quartiles for virtually all rankings. Among these, P. euphratica was the leading 

species at the sandy site but showed slow root elongation and low DM production at the 

loamy site. On the other side of the spectrum after all rankings was P. armeniaca, which 

had the lowest root DM irrespective of the tested parameters and soil type. 
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Table 5.1:  Pearson correlation coefficients for mean daily transpiration rate and various leaf and root growth parameters 
 Numbers in bold and italic respectively highlight significant and weak correlations 

Species 
(N of cases) 

Leaf        
area 

Fine root 
DM 

Coarse 
root DM 

Fine root 
length 

Coarse root 
length 

Max 
radius 

Max 
depth 

Root/Shoot       
ratio 

Root length 
density 

C.bignonioides (5)  0.87 0.02 0.52  0.90* 0.77   0.03 0.93*      -0.71      0.18 

E.angustifolia (11)  0.80* 0.53  0.69* 0.60 0.59   0.58  0.59 -0.82**    -0.57 

F.pennsylvanica (8)  0.54 0.05 0.52    0.85** 0.46   0.61  0.92**      -0.48 -0.95** 

M.alba (7)  0.61 0.44 0.65  0.84* 0.53   0.32  0.85* -0.89**     0.62 

P.euphratica (6)  0.71 0.81 0.58    0.81 0.58   0.72 -0.42      -0.90*    -0.49 

P.nigra var. pyramidalis (5)  0.88 0.50  0.91* 0.96*     1.00**   0.52 0.93*      -0.91*    -0.66 

P. armeniaca (6)  0.91* 0.59  0.82*    0.56 0.43   0.86* 0.85*      -0.45    -0.44 

S.nigra (4)   — 0.68 0.91 1.00* 0.91   0.51 0.98*       0.55     0.71 

U.pumila (12)  0.78*  0.62*    0.73** 0.66* 0.34   0.64* -0.40 -0.76**    -0.61* 

           Overall  0.60**   0.61**    0.62**   0.70**    0.51**   0.51**  0.21 -0.54**    -0.21 

*, **, *** indicate correlations respectively significant at 0.05, 0.01 and <0.01 level (2 tailed)
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5.3.3 Transpiration 

The ANOVA revealed a significant effect of species on mean transpiration rate per unit 

LA at the loamy site (Table 5.2). At the sandy site, where only three, i.e., the best 

performing species could be measured during the second growing season, species-

related differences were found only at the onset of the season with E. angustifolia 

transpiring significantly more water. Transpiration of trees grown in the loamy soil was 

significantly higher than that of trees at the sandy site but at 7 and 16 MaP only. 

Overall, the highest water consumption per unit LA was shown by E. angustifolia, U. 

pumila and P. euphratica at 18 MaP, while P. armeniaca was the least transpiring 

species during this period of the season.  

 

Table 5.2:  Mean daily leaf transpiration rates (mmol m-2 s-1) at the beginning (14 
MaP), middle (16 MaP) and end (7 and 18 MaP) of the growing season 
according to tree species and soil type. Means with the same superscript 
within the column are not significantly different at p < 0.05 

Species  
(N of cases) 7 MaP 14 MaP 16 MaP 18 MaP 

Sandy site 
C. bignonioides (42)   2.11a    
E. angustifolia (53)   2.11a 4.51b   5.12a    9.99a 

F. pennsylvanica (48)   2.46a    
M. alba (52)   2.22a    
P. armeniaca (48)     2.20a    
P. euphratica (48)   2.22a 3.30a   4.82a    8.32a 

P. nigra var. pyramidalis (44)    2.43a    
S. nigra (44)   2.30a    
U. pumila (52)   2.28a 3.30a   4.53a    9.22a 

Loamy site 
C. bignonioides (106)       2.12a     4.38ab     6.69ab 

E. angustifolia (171)       2.68b 4.37b       9.12c    9.39b 
F. pennsylvanica (118)       2.36ab    7.13bc    7.86ab 

M. alba (108)       2.79b 2.64a   6.51ab    7.46ab 

P. armeniaca(69)        2.40ab    5.15ab       4.48a 

P. nigra var. pyramidalis (99)       2.50ab   2.99a   6.04ab 

S. nigra (115)       2.40ab    7.31bc   5.70ab 

U. pumila (150)       2.62b 3.63b   7.38bc  9.49b 

Analysis of variance, probability > F (=alpha) 
Soil 0.002   0.699 <0.001   0.773 
Species 0.239 <0.001 <0.001 <0.001 
Species*soil 0.079   0.323   0.266   0.436 
MaP <0.001 
Soil <0.001 
Species <0.001 
Soil*species <0.001 
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The diurnal transpiration courses of most species showed one peak at different 

points during the day depending on the period in the season (Figure 5.6). At 14 MaP, 

the highest values at the loamy site were recorded between 11:00 and 12:00 hrs. At 16 

and 18 MaP, water loss at the loamy site peaked between 13:00 and 14:00 hrs and for U. 

pumila, M. alba and S. nigra additionally between 17:00 and 19:00. These three species 

decreased their transpiration during the hottest time of the day. At the sandy site, during 

the early, middle and late season, all species peaked at 11:00-12:00 hrs, and at the end 

of the season a second peak was observed between 15:00 and 16:00 hrs. 

The transpiration per unit LA was much higher at 18 MaP than at the end of 

the previous growing season (Figure 5.6). Mean values of leaf transpiration followed the 

sequence 16 MaP (mid season) ≈ 18 MaP (late season) > 14 MaP (early season) > 7 

MaP (late first season), which was consistent with the mean air temperature and relative 

humidity during these periods. However, this sequence did not correspond with the 

irradiance, as the higher values of PFD were observed at the end of both seasons.  

 

5.3.4 Water use efficiency 

Water use efficiency (WUE) in physiological studies is usually measured as the ratio of 

photosynthetic to transpiration rate, but for ecological, agricultural, and forestry 

purposes the relation of DM production to water consumption is more informative 

(Larcher, 1995; Landsberg, 1999b).  

The WUE calculated separately per shoot (WUEa) and root (WUEb) DM 

varied considerably among species (Figure 5.7). In particular, the WUE values of P. 

armeniaca at the sandy site and of F. pennsylvanica at the loamy site at 7 MaP by far 

exceeded those of the other species whereas this trend was not maintained at 19 MaP. 

The values of WUE per unit root DM production were higher than those per unit above-

ground DM production in both species. At 18 MaP, P. armeniaca and S. nigra were the 

best performers regarding WUEa, but F. pennsylvanica was the most efficient species 

regarding WUEb. The WUE significantly decreased with tree age: the most for F. 

pennsylvanica, the least for E. angustifolia and P. nigra var. pyramidalis. Overall WUE 

was higher at the sandy than at the loamy site at 7 MaP. A general trend at 7 MaP was 

that WUE was inversely related to daily canopy transpiration. At 18 MaP, this trend was 

not observed (Figure 5.7). 
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Figure 5.6:  Diurnal variations of leaf transpiration rates at the beginning, middle, and end of the growing season according to tree species 
and soil type 
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Figure 5.7:  Daily WUE per root and shoot dry matter (mg DM g-1 water) and daily 
canopy transpiration (l day-1 tree-1) according to the soil type and harvest 
date. Species are ranked in descending order according to the total WUE in 
the sandy soil. PA = P. armeniaca, CB = C. bignonioides, EA = E. 
angustifolia, FP = F. pennsylvanica, MA = M. alba, PE = P. euphratica, 
PN = P. nigra var. pyramidalis, SN = S. nigra, UP = U. pumila 

 

5.4 Discussion 

The choice of tree species is crucial when considering trees as a means to enhance 

discharge of the shallow and saline GWTs within degraded patches of irrigated land in 

the Aral Sea Basin. To select tree species for biodrainage purposes, specific 

characteristics such as water use (WU), rooting habits and salinity tolerance should be 

primarily addressed. Therefore WU and rooting characteristics were examined for nine 
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deciduous tree species. Next, it was attempted to correlate WU of the trees with internal 

factors, determined by physiological features of the tree species, and the environmental 

parameters. The following discussion of the main findings should allow an appropriate 

species selection. 

 

5.4.1 Influence of environmental factors on transpiration  

The dependency of transpiration on various atmospheric variables makes it difficult to 

find a clear relationship for a single one of these (Angelocci et al., 2004) as also 

experienced in this study, given the consistent - but not high - dependency of 

transpiration rates over all species on air temperature (r=0.57), relative humidity 

(r=0.47) and irradiance (r=0.47). These relationships improved when differentiated 

according to species, since the tree specific physiological features (such as ability to 

regulate stomata opening) together with environmental factors influence the 

transpiration rates. Diurnal transpiration curves showed unrestricted water loss of some 

species such as E. angustifolia, while M. alba, S. nigra and U. pumila were more 

sensitive to high temperature and irradiance and demonstrated a reduced transpiration 

during the hottest time of the day, which decreased the mean daily transpiration by these 

species. 

The presence of salts in soil and water can significantly decrease the WU of 

plants (Poljakoff-Mayber and Lerner, 1999), which, for the hydromorphic salt-affected 

soils in Khorezm, makes salt tolerance an important criterion for species selection. The 

level of soil salinity experienced at the experimental sites, however, did not affect the 

growth and transpiration of most of the examined species with the exception of P. 

armeniaca, C. bignonioides, F. pennsylvanica and M. alba. These species, which 

previously had been reported as salt sensitive (Fimkin, 1983; Makhno, 1962), showed 

leaf chlorosis and necrosis at the more saline sandy site. On the other hand, the high 

transpiration rates of E. angustifolia and U. pumila at the sandy site fell in the range of 

their transpiration values at the loamy site, showing that those species were rather 

insensitive to the actual degree of GW and soil salinity.  
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5.4.2 Influence of tree morphology on transpiration 

The high correlations found between the transpiration rates per unit LA and root system 

characteristics are in line with other findings. Bi et al. (1992) studied the competitive 

advantages of young Eucalyptus trees and pointed out the importance of measuring the 

root length density (RLD). So did Nnyamah and Black (1977), who reported a good 

relationship between water uptake and rooting density. However, the directly measured 

root length in this study was more indicative than the RLD. This may be due to the fact 

that RLD was estimated over the whole rooting profile using root length and and radial 

and vertical extensions of the root systems, thus not taking into account the root 

stratification within soil horizons. This was accounted for by Theiveyanathan and 

Benyon (2000) who then associated the relatively high WU of Corymbia maculata with 

the ability to develop high root densities in the area of the capillary fringe. 

The capacity of tree root systems to adapt to the local environment was 

witnessed by Knight (1999), who associated the ability of Eucalyptus spp. to maintain a 

relatively high transpiration rate over dry periods to their dimorphic root systems. The 

eucalyps combined deep roots for taking up the GW with superficial lateral roots for 

rainfall interception. The prevalence of high GWTs in Khorezm prevents trees from 

developing tap roots, as these may decay in such conditions. Local and introduced 

species (for the most part early last century) tend to expand their roots horizontally and 

thus develop a substantial length, particularly of fine roots, which are the primary 

assimilators of water. However, the tendency for horizontal root spread may result in 

lower root densities, which can explain the weak and negative correlations of RLD and 

transpiration rates of the trees. 

The relationship of transpiration rates with LA was less important (r=0.56) 

than that with root length (r=0.70), at least during the vital establishment phase. This 

does not correspond with findings of Hatton et al. (1998). However, these authors 

measured transpiration of evergreen tree species in older stands. Under the agro-climatic 

conditions of the study region, the root formation was more essential during the early 

growth of the young trees investigated, although at a later stage the importance of LA is 

expected to increase. Furthermore, deciduous trees, which produce a new canopy each 

season, cannot adjust their leaf areas constantly and rapidly (Landsberg 1999a) while 

the fine root turnover is very high (e.g., Santantonio, 1990). 
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The variability in transpiration rates per unit LA among tree species even 

under ample water availability does not support the findings of Hatton et al. (1998), who 

postulated that transpiration rates were independent of species. Yet even when water 

stress, which alters stomata behavior, is excluded, specific physiological features, such 

as tolerance to salinity and poor drainage, do influence transpiration rates. Naturally co-

occurring species may have come to the same long-term solution to the water and salt 

stress and develop similar transpiration rates. However, all trees in the agricultural area 

of Khorezm are deliberately planted and therefore likely to retain their unique 

adjustment mechanism.  

 

5.4.3 Water use efficiency 

Many WUE studies involving trees consider above-ground DM (wood plus leaves) 

only. This is often due to constraints associated with quantifying the root fraction, 

although some studies successfully modelled root DM (e.g., McMurtrie et al., 1990). 

When ranking the species in this study according to their WUE, the sequence 

substantially changed depending on whether the considered DM component was the 

above- or the below-ground fraction or both. This finding bears out the importance of 

incorporating the below-ground biomass in tree WUE estimates in particular when 

WUE is an intended criterion for species selection. However, when water is not a 

limiting factor the species with a maximal water use such as E. angustifolia must be 

prioritized for purposes of biodrainage, even if their WUE is low. This, therefore, 

restricts the use of WUE as a selection factor for trees, which are considered for 

reducing high GWTs. 

Advocates of biodrainage plantations often emphasize the low-cost aspects for 

the removal of excess water (Smedema, 1997). Moreover, such plantations do not 

demand the installation of physical structures, but can be implemented by farmers 

themselves, who in addition may gain marketable products such as fruit, fodder and 

wood when adequate tree species are chosen (Landsberg 1999a). However, the fruit tree 

species tested such as P. armeniaca (apricot) and M. alba (mulberry) had a low 

potential for biodrainage purposes in the study region because of their salt sensitivity, 

low growth rates and resulting low DM production and WU. The tree species with the 

largest WU and salinity tolerance, and therefore most promising for biodrainage 
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purposes under the agro-ecological conditions in Khorezm, proved to be E. angustifolia, 

followed by U. pumila, P. euphratica and P. nigra var. pyramidalis. In addition to the 

biodrainage potential, the fruit producing and N-fixing E. angustifolia and, to a lesser 

extent, U. pumila ranked high as potential suppliers of supplementary fodder (section 

3.3.2) and, therefore, may provide concurrent economic advantages to farmers.  

 

5.5 Conclusions 

Evaluating the potential of various tree species for bio-draining the saline hydromorphic 

soils of Khorezm should be based on field data and involve water use (WU), salinity 

tolerance, rooting characteristics, and leaf area (LA) of the trees.  

Leaf transpiration rates of 3-year-old trees varied significantly among species. 

Transpiration rates of tree species grown at two soil textures under sufficient water 

supply were highly correlated with the ability to produce and elongate the root system. 

Correlation of WU with LA was less consistent at least in heterogeneous young stands. 

The leading tree species with regards to WU, root growth, and adaptability to 

the natural environment proved to be E. angustifolia followed by U. pumila, P. 

euphratica and P. nigra var. pyramidalis, whereas fruit species such as P. armeniaca 

and M. alba, though desirable from the farmer’s financial viewpoint, showed low 

biodrainage potential. Since the N-fixing E. angustifolia and U. pumila also have 

superior feed and firewood characteristics, they may provide added value, which makes 

them the most suitable candidates for biodrainage purposes.  
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6 ESTABLISHMENT AND GROWTH OF SELECTED TREE SPECIES 

UNDER DRIP AND FURROW IRRIGATION ON MARGINAL LAND 

 

6.1 Introduction  

The comprehensive screening of ten multipurpose tree species (MPTS) finalized with 

selection of three candidates most appropriate from the perspective of establishment, 

growth, ability to produce useful products, and suitability for biodrainage purposes. 

However, more detailed information on the performance of these species - particularly 

on their adaptive biomass partitioning (Reich et al., 2003) under conditions of irrigation 

water scarcity, soil salinity and low fertility - is needed before final recommendations 

about their suitability for afforestation of degraded land can be made.  

Low availability of irrigation water on marginal land requires efficient use of 

this resource for plantation establishment until the trees are able to rely on the available 

saline GWT. The average efficiency of current irrigation practices in Uzbekistan is 

about 0.67 as estimated for surface irrigation, including 64 % furrow, 31% strip and 5% 

basin irrigation (Abdullaev, 2002). When properly managed, drip irrigation saves 31 to 

39% of water in comparison with the furrow technique, mainly by reducing evaporation 

and drainage losses (Kamilov et al., 2003). However, in Uzbekistan drip irrigation is 

only used in minor pilot projects (Abdullaev, 2002), mainly due to the necessary high 

initial capital investments. In other countries, drip irrigation of trees, particularly 

orchards, has increased (Andreu et al., 1997) since this high frequency and low volume 

water-saving technology has proved to be effective in overcoming water shortages 

during tree establishment (Pronk and Ravesloot, 1998). The drip technology enhances 

root growth (Pronk et al., 2002) and consequently, the overall tree performance. An 

adequately designed drip irrigation system that supplies water uniformly in the field 

benefits the environment by conserving irrigation water (Carter and Howell, 2000) and 

by restricting weed germination beyond the wetted zone (Nerozin et al., 1995).  

However, the performance of drip irrigation on saline soils particularly over 

shallow saline GWTs has been critically debated (Khorst and Ikramov, 1995). Although 

Mmolawa and Or (2000) concluded that the high-frequency drip water supply 

maintained salts within the root zone at tolerable levels, other research (Obbink and 

Alexander, 1977) observed a salt build-up in the rooting zone under drip irrigation. 
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Nevertheless, Burt and Isbell (2003) recently described a successful reclamation by 

leaching using multiple, densely placed emitters to cope with salt accumulation. 

This section reports results of the evaluation of establishment, survival and 

various growth parameters of selected tree species on marginal land under lower-than-

recommended irrigation amounts applied via drip and traditional furrows. The 

experiment tested whether three species previously selected as having a high potential 

for afforestation (section 3.4) demonstrate adaptive plasticity in biomass allocation in 

response to salinity and nutrient deficiency under different irrigation modes. The 

criterion for success of the deficit irrigation technoque was the rate of tree growth. 

 

6.2 Materials and methods 

6.2.1 Study site 

The research was conducted on two hectares of degraded agricultural land in the 

Yangibazar district of Khorezm located at 41°65′ N latitude, 60°62′ E longitude and 102 

m altitude. Precipitation for the two study years 2003 and 2004 exceeded the long-term 

average of 100 mm by 99 and 19%, respectively. Important meteorological information 

is depicted in Figure 6.1.  

 

 

 

 

 

 

 

 

 
 
Figure 6.1: Rainfall, potential evapotranspiration (ET), maximum and minimum air 

temperatures (T) during the study period 2003-2004 
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The soils at the experimental site were classified as gleyic and calcaric 

Arenosols (ISEAM, 2001). The GWT depth exceeded the critical threshold of 1.5 m, 

which imposes a risk for secondary soil salinization (Ibrakhimov, 2005). 

The examination of the profiles showed stratified soils predominantly of silt 

loam texture with 74% of silt, 10% of clay and 16% of sand on the average. The 

compactness of the soil particularly at the lower part of the 0.3 m plow-layer, and low 

soil permeability and filtration rates suggested unsatisfactory physical soil properties 

due to repeated flood irrigation, shallow harrowing, and superficial plowing. 

The cation exchange capacity (CEC), estimated by the Gedroiz method, 

(Protasov, 1977) was low given the sum of absorbed cations of 5-8 cmol(+) kg-1. The 

moderate content of absorbed Ca2+ averaged 28-54%, but the high concentration of 

Mg2+ (16-37%) and Na+ (24-30%) impedes adequate uptake of Ca2+ and K+ by plants. 

The contents of the exchangeable cations in the soil solution and insufficient CEC 

characterized these soils as unfavorable for the cultivation of agricultural crops 

(Appendix 10.1). The soils showed very low organic matter content (<1 g 100g-1), 

which even in the upper 0.2 m soil layer was only insignificantly higher (1.1-1.3 g 100 

g-1). The soils were poor in total N and especially available P, which in some samples 

was observable only as traces. The content of exchangeable K was mostly classified as 

very low or low merely reaching 200 mg kg-1 (Appendix 10.2).  

At the onset of the experiment, the soil was very strongly saline with a thick 

salt crust on the upper horizon. Two pre-planting leaching events each with a flood 

application of 1500-2000 m3 ha-1 decreased the salinity to a slight-moderate degree and 

eliminated the spatial salinity patchiness. Further leaching was precluded since watering 

of the surrounding agricultural fields raised the GWT. The post-leaching salts were 

predominated by SO4
2- and Ca2+ while among the toxic ions Na+ was prevailing. Later 

in the experiment, salt content generally increased. The soils showed a slightly alkaline 

reaction averaging a pH (H2O) of 8.0 (Appendix 10.3). 

The methods used for soil chemical analysis are described in section 3.2.1. 
 

6.2.2 Experimental design  

The experiment was implemented as a two-factorial split-plot design, which considered 

irrigation methods as the main factor and tree species as the split factor. The selected 

MPTS Elaeagnus angustifolia L., Populus euphratica Oliv. and Ulmus pumila L. were 
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subjected to three irrigation treatments. Irrigation levels were set low as a contribution 

from the GWT was expected. In the “deficit” irrigation, 15% of the evaporative demand 

(Allen et al., 1998) was applied via drip emitters (Appendix 10.4) and by the traditional 

furrow irrigation, which served as a control. Whereas the furrow irrigation was applied 

fortnightly, the drip application was scheduled once a week. Both were compared to a 

“full” irrigation, which corresponded to 30% of the evaporative demand and was 

applied twice a week via drip. Due to the practical difficulty of totally randomizing all 

three irrigation treatments and thereby imposing a mutual interference of the treatments, 

the furrow section was placed outside the blocks irrigated via drip. In each block, 

consisting of nine plots (3 water treatments x 3 tree species), tree species were 

completely randomized. The blocks were replicated four times (Figure 6.2).  

 

 

 

Figure 6.2: Experimental layout 
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At the onset of the experiment, seventy 12-month-old tree saplings per plot 

with an area of 105 m2 were planted, giving a density of 5,714 trees ha-1 with a spacing 

of 1 m x 1.75 m. The plots included border rows. Irrigation water application by the drip 

system was controlled via measuring valves, while at the furrow section incoming water 

was measured with a Cipoletti trapezoidal weir. 

 

6.2.3 Survival rates and biomass 

At 7 and 19 MaP, eight trees per plot were cut at the ground level and separated into 

stem, branches and foliage. Tree roots were excavated completely with hand tools for 

the quantification of the below-ground biomass and rooting characteristics. The root, 

wood, and leaf biomass and root length were processed as described in section 3.2.4. 

The relative relationship of the above- and below-ground DM is expressed as root to 

shoot ratio (RSR). Total root DM of each species was regressed against its total above-

ground DM.  

 

6.2.4 Chemical analysis of leaves 

Leaves were analyzed for ash content to assess the accumulation of salts in the tissue. 

The reference was taken with the analyses of leaves at 1 MaP, before imposing water 

treatments. Later, samples were selected from representative trees with a leaf mass 

judged average for each treatment. Leaves were harvested at 7 and 19 MaP, when the 

accumulated mineral salt content was expected to be the highest, then ground and ashed 

in a muffle furnace at 550°C for five hours to measure mineral content.  

Elaeagnus angustifolia has been known for its potential to fix atmospheric N2 

(e.g., Zitzer and Dawson, 1989) which, however, may not persist in saline and 

phosphorus-deficient conditions (Kessler and Breman, 1991). To ascertain whether E. 

angustifolia obtained any input from biological nitrogen fixation, two representative 

trees per treatment were defoliated in the beginning, middle and end of each growing 

season. Mixed sub-samples were collected from various parts of a canopy and analyzed 

for 15N natural abundance values with a continuous mass spectrometer (ANCA-SL/20-

20, SerCon, UK).  
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6.2.5 Environmental parameters  

Soil was sampled in all 36 plots, 0.3 m from the tree stem, in 0.2 m layers down to 1 m 

depth, each fortnight prior to the irrigation events. Electrical conductivity of the 

saturation paste (EC1:1) was measured with a portable EC meter (Shirokova et al., 

2000). The EC1:1 values were converted into ECe using the relationship [ECe=EC1:1*3.6] 

developed by Shirokova et al. (2000) for Khorezm soils. The soil gravimetric water 

contents were measured and related to volume using soil bulk density. These were 

averaged, together with soil ECe values, for 1 m soil layer. The moisture at field 

capacity and wilting point were determined for 6 soil profiles throughout the 

experimental site. Five granular matrix sensors (Watermark, Eijkelkamp) were installed 

to monitor the soil moisture tension in three plots planted with U. pumila trees. The 

sensor data was registered every 2-5 days. 

The GWT was monitored using a grid of 36 observation wells (∅=4cm) 

installed to a depth of 2.2 m. The GW level was registered every 10 days, and then the 

water EC was measured. The seasonal means of soil and groundwater EC, soil moisture 

and GW level were calculated for the different water treatments and tree species.  

 

6.2.6 Statistical analyses 

ANOVA was performed with the Mixed Linear Model procedure (Appendix 10.5), 

which accounts for a split-plot design that has features of two building block designs: a 

completely randomized design (tree species) and a randomized block design (irrigation 

treatment) (Littell et al., 2005). The mean effect of treatment variables (tree species and 

irrigation) and their interactions were compared at a p<0.05 level of significance. All 

analyses were performed using SAS 9.1 software.  

 

6.3 Results 

6.3.1 Environmental conditions 

The soil volumetric moisture content in 2003 did not significantly differ among 

treatments and averaged 37%, which was close to the moisture at field capacity. Soil 

water content during the growing season in 2004 decreased at different rates according 

to the treatments following the sequence: drip full irrigation > drip deficit irrigation > 

furrow irrigation. Species effects on soil water content were not significant (Figure 6.3). 
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Figure 6.3:  Seasonal means of the soil volumetric moisture content, soil electrical 
conductivity (ECe), and EC of groundwater. Lines indicate standard 
deviations 

 
More frequent measurements of soil moisture tension allowed the capture of 

significant treatment-induced differences. Sensors installed in the furrow plot showed a 

much wider range of values than those in the drip plots. The highest soil moisture 

tension was observed at 0.1-0.3 m depths in the furrow plot toward the end of the 

growing season and during the winter period. The soil moisture tension of the driest 

upper horizon under drip deficit irrigation did not exceed 30 kPa, whereas the tension at 

the fully irrigated drip plot was in the range of 0-20 kPa, which corresponds to the range 

from adequately wet to saturated soil (Figure 6.4). 
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Figure 6.4:  Soil moisture tension monitored at various depths on U. pumila plots 

subjected to three irrigation treatments. Range of 0-10 kPa indicate 
saturated soil, 10-20 kPa — adequately wet soil, 30-60 kPa — usual range 
for irrigation; 100-200 kPa signals that soil is becoming dangerously dry 
(Watermark operational manual, Eijkelkamp) 
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Mean soil EC was homogeneous throughout the experimental site in 2003 and 

ranged within the 1 m profile from 3 to 7 dS m-1. In 2004, the soil EC ranged between 

4-19 dS m-1, mostly due to significantly increased salinity at plots planted with E. 

angustifolia (Figure 6.3). During the growing season in 2003, the GWT depth ranged 

between 1.2 and 1.3m, but in the next season the GW table dropped, then ranging 

between 1.3 and 1.5 m. (Figure 6.5). Outside the growing period, the GW level fell 

below 2.2 m. The EC of the GW was higher during the first season with mean values 

ranging from 1.9 to 4.4 dS m-1 vs. 1.3-4.0 dS m-1 for the second growing season (Figure 

6.3). Differences in the level and EC of the GWT averaged over the growing season 

were not statistically significant either with respect to water treatment or to tree species. 
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Figure 6.5:  Applied irrigation water and seasonal means of the GWT according to 
growing periods, water treatments and species. Lines indicate standard 
deviations 

 

6.3.2 Survival 

Survival rates of E. angustifolia and U. pumila averaged 96 and 92%, respectively, 

under all irrigation treatments. A high mortality among P. euphratica trees occurred 

shortly after planting in 2003, resulting in 50% survival. About half of these lost the 

main shoot, but continued developing from stem sprouts. Mortality generally occurred 

across both growing seasons, but about 5% of the trees died during the winter time. 
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6.3.3 Above-ground growth 

Engustifolia angustifolia outperformed by far the other species with regard to leaf and 

wood DM production, which at 19 MaP reached about 8 kg tree-1 or 43 t ha-1 (Figure 

6.6). 
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Figure 6.6:  Above- and below-ground DM production according to harvest date, 

irrigation treatment and tree species. Lines indicate standard deviations 

 

Statistical analysis revealed that irrigation treatment significantly influenced 

above-ground DM production of P. euphratica, which at 19 MaP was 7 times higher 

under drip deficit, and 12 times higher under drip full irrigation than under furrow 

deficit irrigation. Treatment effects on the leaf and wood biomass development of the 

other species were not statistically significant (Table 6.1).  
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Table 6.1: Summary of contrasts (probability > F) output by the Mixed Model procedure 
Shoot DM Root DM RSR Fine root length Coarse root length Max radius Max depth  

Factor 7 
MaP 

19 
MaP 

7 
MaP 

19 
MaP 

7 
MaP 

19 
MaP 

7 
MaP 

19 
MaP 

7     
MaP 

19      
MaP 

7 
MaP 

19 
MaP 

7 
MaP 

19 
MaP 

E. angustifolia vs. P. euphratica    **** **** **** *** ** **** **** **** **** **** * **** n.s. ** 

P. euphratica  vs. U. pumila        ** n.s. *** **** n.s. *** **** **** *** **** n.s. *** ** ** 

E. angistifolia vs. U. pumila        **** **** *** n.s. *** **** n.s. **** ** n.s. n.s. *** n.s. n.s. 

                  E. angustifolia               

drip deficit vs. drip full        n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

drip deficit vs. furrow deficit  n.s. n.s. n.s. n.s. n.s. n.s. ** n.s. n.s. n.s. n.s. n.s. ** ** 

drip full     vs. furrow deficit        n.s. n.s. n.s. n.s. n.s. n.s. ** n.s. n.s. n.s. n.s. n.s. *** ** 

                   P. euphratica               

drip deficit vs. drip full        n.s. * n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

drip deficit vs. furrow deficit  n.s. * n.s. ** n.s. *** n.s. n.s. n.s. n.s. n.s. **** n.s. * 

drip full      vs. furrow deficit        n.s. *** n.s. *** n.s. **** n.s. n.s. n.s. ** n.s. **** n.s n.s. 

                U. pumila               

drip deficit vs. drip full        n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. * n.s. n.s. n.s. n.s. n.s. 

drip deficit vs. furrow deficit  n.s. n.s. n.s. * n.s. n.s. *** ** n.s. n.s. n.s. n.s. ** ** 

drip full     vs. furrow deficit        n.s. n.s. n.s. n.s. n.s. n.s. ** ** n.s. n.s. n.s. n.s. *** *** 

* = p<0.1; ** = p<0.05; *** = p<0.01; **** = p<0.001
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6.3.4 Below-ground growth 

In contrast to the limited water treatment effects on the above-ground DM production, 

drip irrigation influenced the root system development of the species (Table 6.1). The 

fine roots of E. angustifolia and U. pumila were in general longer in the drip-irrigated 

plots at 7 MaP, whereas fine root DM was only insignificantly higher (Figure 6.6 and 

6.7).  
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Figure 6.7:  Coarse and fine root length according to harvest date, irrigation treatment 

and tree species. Lines indicate standard deviations 
  

At 7 MaP, E. angustifolia had the greatest fine root length and DM, but at 19 

MaP the longest fine roots were observed with U. pumila trees, in particular in the drip-
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irrigated plots. The fine to coarse root length ratio of all species increased significantly 

over time. 

Fine roots of E. angustifolia developed numerous nodules of various sizes 

infected by actinomycetes of the genus Frankia (Appendix 10.6). ANOVA of leaf 15N 

natural abundance measurements confirmed that E. angustifolia had at all times 

significantly lower values (p<0.001) compared with the non-fixing tree species (Figure 

6.8). The δ15N values in the leaves of E. angustifolia increased over time (p=0.01) but 

not of the other species. 

 

 

 

 

 

 

Figure 6.8:  15N natural abundance values of three tree species in the beginning, middle 
and end of the 2003 and 2004 growing seasons. Lines indicate standard 
deviations 

 

The coarse root DM and length development of P. euphratica responded to the 

irrigation method and quantity of water applied, whereas no statistically significant 

treatment differences were detected with the other species (Table 6.1). 

At 7 MaP, the root systems of E. angustifolia and U. pumila were deeper in the 

furrow-irrigated plots than in the drip-irrigated, while P. euphratica was the deepest 

rooted species irrespective of the irrigation technique and amount of water applied 

(Table 6.1). Root proliferation at depth did not significantly increase over time, but the 

root systems extended considerably horizontally. At 19 MaP, the maximal radial root 

extension was achieved by P. euphratica in drip-irrigated plots, whereas in the furrow 

plots its horizontal growth was restricted (Figure 6.9).  
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Figure 6.9:  Horizontal and vertical extension of the root systems according to harvest 

date, irrigation treatment and tree species. Lines indicate standard 
deviations 

 
The root/shoot ratio (RSR) of E. angustifolia was 0.3, which was the lowest of 

the MPTS. It decreased with age, but remained independent of the irrigation mode. This 

decreasing tendency was observed also with the RSR of P. euphratica under drip 

irrigation, whereas the RSR values for furrow-irrigated trees were relatively high. The 

RSR of U. pumila hardly changed with time and remained around 0.4-0.5 (Figure 6.10). 

Given the species-dependant differences in biomass allocation, root DM could 

be adequately predicted by the relatively easily measured above-ground DM when 

separated according to the species. However, the prediction power was lower for U. 

pumila, which had the highest allocation to the fine root biomass (Figure 6.11). 
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Figure 6.10: RSR according to the harvest date, 

irrigation treatment and tree 
species 

Figure 6.11: Root DM as a function of 
above-ground DM accor-
ding to species 

 
6.3.5 Mineral content in leaves 

Initial leaf mineral content was the highest in P. euphratica and the lowest in E. 

angustifolia. This pattern did not last over time as leaf mineral content in P. euphratica 

decreased at 7 MaP and further at 19 MaP, whereas the other species showed a slight 

increase. The observed low mineral accumulation in leaves indicates that the existing 

levels of soil salinity, which would be harmful for agricultural crops such as cotton and 

winter wheat, were successfully tolerated by the tree species via the controlled uptake of 

salts. Differences among treatments were not significant; however, mineral content in 

trees fully irrigated via drip was not measured at 7 MaP (Figure 6.12).  
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6.4 Discussion 

Previous research conducted in Khorezm (Fimkin, 1972; Makhno, 1962) recommended 

continuous furrow irrigation during the whole lifespan of tree plantations with seasonal 

water applications of 4,000-8,000 m3 ha-1 for gaining acceptable rates of tree growth 

(MAFRI, 1972). In this study, carried out on salt-affected land in the presence of a 

shallow GWT, watering levels via drip and traditional furrows were reduced and the 

growth response of the three tree species in a marginal environment was compared. 

 

6.4.1 Effects of irrigation technique on tree growth 

The higher soil moisture content induced by the high-frequency drip water supply, 

particularly in the fully irrigated plots, was favorable to P. euphratica, which is the 

main species of the natural riparian forest in Khorezm, where it grows and self-

propagates in a periodically waterlogged environment. Previous studies showed various 

difficulties in the artificial propagation of this species (Wang Shiji et al., 1996), which 

was confirmed by the high mortality during the first growth year in this study. However, 

frequent drip water supply facilitated successful growth of the surviving individuals. 

Elaeagnus angustifolia and U. pumila were rather insensitive to the irrigation 

mode imposed. Although the lengths of fine roots were generally longer in the drip-

irrigated plots, their mass was not always significantly greater than that of the furrow-

irrigated trees, probably due to a decreasing root diameter (Pronk et al., 2002). The 

quantity and activity of fine roots are primarily responsible for water and nutrient 

uptake by trees according to Lyr and Hoffmann (1967).  However, the findings in this 

study only partly confirm this conclusion, as observations conducted sporadically, e.g., 

at the end of the growing seasons only, may not capture all dynamics of fine root 

growth during the whole season.  

The limited effect of the irrigation method on the growth of the studied trees 

can be explained by the soil moisture regimes imposed by the drip and furrow watering 

techniques. Although the mean volumetric soil water content in the 1.0 m soil profile 

was higher for the drip-irrigated plots, both watering techniques resulted in a soil water 

content close to the field capacity. Despite the very low irrigation levels, the high soil 

moisture contents resulted from the upward movement of the GWT, which remained 

shallow throughout both growing seasons.  
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Soil salinity may have imposed growth restrictions such as salinity-induced 

water stress, salt toxicity and nutrient imbalance (Marschner, 1995). The degree of soil 

salinity, averaged over 1 m soil profile and across the season, could be classified as 

moderate during the first season (Abrol et al., 1988), but became strongly saline in the 

following season. However, due to the adequate soil moisture conditions observed 

during the growing season for all treatments, and the slight-to-moderate degree of 

groundwater EC that ranged from 1.5 to 3.5 dS m-1 (classification by Rhoades et al., 

1992), the adverse effect of high soil salinity on growth was negligible.   

  

6.4.2 Growth response 

Previous research concluded that early root extension in the deeper soil layers is a sign 

of a tree’s adaptability to cope with water/salt stress in the upper horizons (Lyr and 

Hoffmann, 1967). Rooting depth of the studied trees varied with respect to tree species. 

The phreatophytic species P. euphratica had consistently deeper root systems, which is 

caused by its inherent ability to develop sinker roots for tapping the GW (personal 

observation). The tree roots actively exploited horizontal extensions as rooting depth 

stabilized after the first harvest. Populus euphratica expended a few lateral roots at 

sufficient radiuses sometimes following the drip lines, whereas E. angustifolia and U. 

pumila developed a dense root system intensively exploiting smaller soil volumes than 

P. euphratica. 

Useful above-ground DM production followed the sequence E. angustifolia> 

U. pumila> P. euphratica for all irrigation treatments in 2003. This pattern was 

maintained during the next season in the furrow-irrigated plots but under drip irrigation 

the biomass production of P. euphratica exceeded that of U. pumila, while E. 

angustifolia remained the leading species. These differences in species performance 

confirm explanations based on optimal biomass partitioning induced by age or 

environment (Reich et al., 2003). Aside from having the highest above-ground DM 

production, E. angustifolia showed a decreased RSR at 19 MaP. This indicates that 

upon establishment in the first season, E. angustifolia shifted its biomass allocation 

towards shoot growth and development at the expense of its below-ground 

development. A similar trend was observed with P. euphratica under drip treatments, 

but a high RSR was retained at 19 MaP under the furrow technique, which explains the 
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poor above-ground performance of this species under furrow irrigation. U. pumila 

showed the greatest fine root length at 7 and 19 MaP under all irrigation modes, and 

retained a high RSR during both observation seasons. However, this can also be related 

to the longer lifespan of this species and, therefore, the longer time needed for 

establishment rather than to response to any growth stress. 

Although water stress was of little concern in this study and soil salinity was 

tolerated by the tree species due to the adequate soil moisture content, nutrient 

deficiency remained a major growth restriction. Significantly higher foliar δ15N values 

of non-N2-fixing trees that rely solely on soil N in comparison with E. angustifolia 

reflect the capability of this species for BNF (Boddey et al., 2000). This may account 

for its higher growth rates under these poor soil conditions. Negative δ15N values, as 

observed in the E. angustifolia samples, have been previously reported as common 

when applying 15N natural abundance methodologies to effective N2-fixing systems 

(Boddey et al., 2000). 

 

6.4.3 Perspectives for future afforestation 

The greatest DM production was shown by the N-fixing fruit species E. angustifolia. 

This species fixed atmospheric N2 in saline conditions, which likely provides growth 

advantages over the other two species in the nutrient-poor environment and may be able 

to replenish the N stocks in the degraded soil in the long run. Moreover, it produces 

nutritious leaf fodder, edible fruits (starting at the age of three years), and offers bee 

foraging (Appendix 10.7) and acceptable calorific values of fuelwood (section 3.3.3). 

These features, combined with the capability of withstanding frequent coppicing (Katz 

and Shafroth, 2003), should enhance the farmers’ willingness to plant these trees. The 

increase in soil salinity under E. angustifolia stands due to its exclusion of salts, as seen 

over the two growing seasons, may necessitate close long-term monitoring in the future.   

Populus euphratica showed high mortality and slow growth during the first 

growing season, but this was compensated for by enhanced growth rates during the 

subsequent year, confirming this species’ appropriateness for planting on marginal land. 

Additional growth characteristics such as self-propagation by root suckers, vigorous 

coppicing, and high tolerance to waterlogging and salinity after tree establishment are 

the features that make this species suitable for afforestation.   



Establishment and growth of selected tree species on marginal land 

85 

The relatively long-living species U. pumila was a comparatively slow starter 

among the three studied species as it favored high biomass allocation towards the roots. 

In the long run it can produce dense wood of higher quality than the other two species 

(Forestry Compendium, 2000). Its potential as leaf fodder (section 3.3.2) and its salinity 

tolerance make this species an appropriate candidate for mixing with fast starters that 

can provide useful products sooner. 

The shallow level and slight-to-moderate salinity of the GWT, which was 

apparently actively exploited by the tree roots, made it possible to establish tree 

plantations with reduced irrigation while achieving acceptable growth rates. However, 

given the high fluctuation of the GWT with the availability of river water and crop 

irrigation activities in the arid environment of Khorezm (Ibrakhimov, 2005), access to 

water including the GW resources represents a permanent risk in the Khorezm Region 

(Müller, in preparation). The GW salinity, which increases in years of poor water 

availability (Ibrakhimov et al., 2004), and the salt accumulation in the soil may impose 

additional growth restrictions. 

The maximum seasonal amount of water (at fully irrigated drip plots) applied 

(about 1,600 m3 ha-1) was much lower than the quantity used by the dominating crops 

such as cotton (10,000 m3 ha-1), winter wheat (6,000 m3 ha-1) and rice (25,000 m3 ha-1) 

(MAU & AASU, 1996) which still can be grown on marginal lands. The useful above-

ground biomass production of E. angustifolia during the third year of development 

reached 40 t ha-1 year-1, by far exceeding annual cotton yields, which are less than 3.6 t 

ha-1 (Djanibekov, 2003) plus 3-4 t ha-1 of leaf and stalk DM (Kamilov et al., 2003). The 

high irrigation water use efficiency of trees on marginal lands within the degraded 

landscapes of the Aral Sea region is potentially attractive for afforestation rather than 

for further cropping.  

 

6.5 Conclusions 

At a marginal site, characterized by high soil salinity and shallow, slightly-to-

moderately saline groundwater, forest establishment was successful using less than 40% 

of the locally recommended irrigation rate.  

Groundwater significantly contributed to the soil moisture conditions, but due 

to exclusion of salts from the groundwater uptake by the trees, soil salinity generally 
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increased over time. This may threaten the sustainability of tree plantations in the long 

run when irrigation is stopped to achieve complete reliance on the GWT and therefore 

requires long-term studies.   

Elaeagnus angustifolia showed the greatest suitability for planting on marginal 

land due in part to its ability to fix N in saline conditions, fast growth and relatively 

high above-ground DM production. Ulmus pumila showed adequate DM production on 

marginal land despite high biomass allocation towards the root fraction due to its longer 

life span and slower initial growth. Frequent drip irrigation positively influenced the 

growth of P. euphratica, which, being an important species of the endangered riparian 

forest, is known for the difficulties that arise when this species is planted outside its 

natural habitat. In furrow-irrigated plots, biomass partitioning of P. euphratica was 

biased towards root development, indicating the adaptive capacity of this species for 

coping with stress environments.  

Assuming that the goal of irrigation is to guarantee a timely and adequate 

water supply to maximize growth, the expense of applying costly drip irrigation systems 

for forest establishment would be unnecessary for sites where a shallow, slightly-to-

moderately saline GW table prevails throughout the growing season.  
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7 LEAF AND STAND TRANSPIRATION OF THE TREE SPECIES 

GROWN ON MARGINAL LAND 

 

7.1 Introduction  

Potential advantages of afforestation have the greatest impact when appropriate species 

are planted. Previous research assorted Elaeagnus angustifolia L., Populus euphratica 

Oliv., and Ulmus pumila L. in part based on their high transpiration rates (section 5.3.3), 

which are particularly desirable for the purposes of biodrainage (Heuperman et al., 

2002). However, the selected tree species should be tested on marginal land to assure 

that the potentially high leaf transpiration and species-related pattern retain under saline 

conditions. In addition, stand transpiration should be determined for evaluation of the 

potential impact that tree plantations may exert on the elevated GWT. Among the 

diversity of approaches for estimating stand transpiration, the Penman-Monteith 

equation (Monteith, 1965) has been most useful (Allen et al., 1998) as it incorporates 

both, atmospheric and physiological, factors influencing transpiration.  

Numerous studies have resulted in successful prediction of canopy 

transpiration solely by atmospheric factors (e.g., Sommer et al., 2002) using micro-

meteorological techniques such as Bowen ratio or eddy covariance, which, however, do 

not account for a partitioning between evaporation and transpiration or for differences 

among species within a stand. Although a number of studies showed that transpiration 

of different tree species is similar (Hatton et al., 1998; Landsberg, 1999a) when trees are 

exposed to similar growth conditions, there is much evidence of significant variations 

among species (Deans and Munro, 2004; Heuperman et al., 2002) as a result of 

physiological stomatal regulation of transpiration (Meinzer, 1993). McNaughton and 

Jarvis (1983) reconciled the contrasting results on the significance of physiological 

control of transpiration (Jones, 1998) by elaborating an approach to directly estimate the 

extent of stomatal regulation of transpiration by the use of a “decoupling coefficient” 0. 

However, 0 does not provide information about the weight of each predicting factor in 

explaining the transpiration. Knowledge on the relative importance of factors driving 

transpiration is needed to facilitate selection of the most appropriate (direct or indirect) 

methods of measuring tree WU and, therefore, plantation influence on the elevated 

GWTs. Consequently, another aspect addressed in this section is the comparative 
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evaluation of the importance of environmental and physiological parameters influencing 

tree WU on marginal land.  

 

7.1.1 Materials and methods 

7.1.2 Study site 

During two successive growing seasons, observations were conducted on experimental 

tree stands planted on 2 ha of degraded agricultural land located at 41°65′ N latitude, 

60°62′ E longitude (altitude 102 m a.s.l.) in the north-west part of the Khorezm Region. 

The site was characterized by poor soil-nutrient stocks (section 6.2.1) and severe 

secondary soil salinization (Appendix 10.8a). Later in the experiment, the plantations 

decreased the visual impact of salinization by mitigating topsoil salinity via reduced 

evaporation (Appendix 10.8b). 

Soils at the experimental site predominantly had a silt loam texture (Appendix 

10.9). Soil water-physical properties were determined at the onset of the experiment by 

sampling soil from various horizons at six locations throughout the field. Soil bulk 

density ranged between 1.21-1.57 g cm-3 and averaged 1.38 g cm-3 over the examined 

profiles (Appendix 10.9). Soil porosity varied from 44 to 55 % with a mean value of 

48%. The available water content defined as the difference in soil moisture at field 

capacity and permanent wilting point, which had been determined by the Richards 

pressure membrane method (Klute, 1986), ranged from 122 to 287 mm m-1. The 

infiltration rate, determined by the procedure of irrigation furrows (Margulis, 1972), 

averaged 10-12 mm h-1 (Appendix 10.10). Other soil characteristics as well as details on 

the GWT measurements and the experimental design are provided in section 6.2.  

A weather station was installed at the periphery of the study site (Figure 6.2) 

to monitor micro-meteorological conditions during the experiment. Air temperature and 

relative air humidity were measured with a psychrometer (Eijkelkamp, 2002). A Kipp & 

Zonen NR-light radiometer and SP-light pyranometer (Eijkelkamp, 2002) were used to 

measure net short and long wave energy balance and incoming shortwave radiation, 

respectively. Wind speed and direction were measured with a cup anemometer and 

anemoscope (Eijkelkamp, 2002) both installed at 2 m height. Precipitation was recorded 

with a tipping bucket rain gauge. The station used a solar energy driven data-logger 
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(Micromec Multisens 5.0, Technetics-Messwerterfassunssysteme, Freiburg, Germany), 

which recorded micro-meteorological data at of 30-minute intervals.  

 

7.1.3 Transpiration, stomatal resistance, and leaf area 

Leaf transpiration and diffusive resistance of 2 trees per each species and water 

treatment (in total 18 trees), were measured in-between irrigation events with a steady 

state porometer (Li-cor 1600). Measurements were conducted three times during the 

two growing seasons: shortly after the leaves flushed, in the mid-season and at the end 

of the season, which corresponded to 2, 3, 5, 13, 15 and 17 months after transplanting 

(MaP) 1-year-old tree saplings from the nursery onto the experimental plots. 

Concurrently, photon flux density, air and leaf temperatures and air relative humidity 

were recorded by the porometer. Since all the three species had amphistomatous leaves, 

only the abaxial side of 3-4 leaves was measured bi-hourly during 13 hours of sunshine 

duration for 8-10 consecutive days. Examined were fully unfolded leaves, exposed and 

perpendicularly oriented to the sun. Transpiration of shadowed leaves was also 

measured, but only at mid season in 2004.  

Stomatal resistance (gs, or the reciprocal, stomatal conductance 1/rs) output by 

the porometer in conventional velocity units was converted into molar units as described 

by McDermitt (1990): 
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where gm is the stomatal conductance [mol m-2 s-1], gv is the stomatal 

conductance in velocity units [m s-1] P is the local barometric pressure [Pa], R is the 

molar gas constant [8.314 J mol-1 K-1], and TL is a leaf temperature [K]. 

Transpiration values displayed by the porometer in [1g cm-2 s-1] were 

converted into molar units to facilitate comparison with contemporary values in 

literature measured at widely varying temperatures or air pressure (McDermitt, 1990): 
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where Em is the transpiration in [mol m-2 s-1], E�g is the transpiration in  

[1g cm-2 s-1], and M is the molar water weight [18 g mol-1]. 

Leaves from 2 trees per species and water treatment were sampled in the 

beginning and middle of both seasons. At the end of the season, 8 trees per plot (or 32 

trees per species and treatment) were harvested. The total leaf fraction as well as the 

collected sub-samples was weighed. Single-sided LA was measured with a leaf area 

meter (Li-cor 1200). Leaf sub-samples and remaining leaf biomass were oven-dried at 

103 °C. Total LA was computed as a function of leaf weight, derived after repeated 

measurements of leaf area and mass of the tree species (Appendix 10.11). 

 

7.1.4 Stand evapotranspiration 

Evapotranspiration of the tree stands was estimated according to Monteith (1965): 
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where ET is the evapotranspiration of a vegetation stand [mm day-1], Rn is the 

net radiation [W m-2], G is the soil heat flux density [W m-2], (es-ea) represents the vapor 

pressure deficit of the air [kPa], �a is the mean air density at constant pressure [kg m-3], 

cp is the specific heat of the air [W s kg-1 oC-1], 2 represents the slope of the saturation 

vapor pressure temperature relationship [kPa oC-1], 3 is the psychrometric constant  [kPa 

°C-1], gc and ga are the canopy and aerodynamic conductances [m s-1], and � is the latent 

heat of water vaporization [MJ kg-1]. 

The daily average of soil heat flux was considered close to zero, which is the 

case for developed vegetation stands (Oliver, 1982). Hence, this parameter was 

excluded from the calculations.   

The aerodynamic conductance, which determines the transfer of heat and 

vapor from the evaporating leaf surface into the air above the canopy, was derived with 

the empirical equation suggested by Thom and Oliver (1977): 
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where ga is the aerodynamic conductance [m s-1], uz is the wind speed at a 

height z [m s-1], d is the zero plane displacement height [m], and z0 is the roughness 

length governing momentum transfer [m]. 

The zero displacement height was omitted from the calculations, since the 

wind measurements conducted outside the experimental site were not affected by 

surrounding crops and the experimental tree stands due to the off-site location and 

prevailing wind direction. The roughness length was approximated as z0 = 0.13 · 

vegetation height according to Monteith (1973). 

Canopy conductance was calculated following Allen et al. (1998): 
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where LAIactive is the active (sunlit) leaf area index [m2 (leaf area) m-2 (soil 

surface)], gs is the bulk stomatal conductance of well-illuminated leaf [m s-1] 

The active part of the LAI was estimated from visual observations in the field. 

 

7.1.5 Decoupling coefficient 

The decoupling coefficient 0 was calculated according to the McNaughton and Jarvis 

(1983) equation for amphistomatous vegetation: 
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where 0 is the dimensionless decoupling coefficient, � is the psychrometric 

constant [kPa °C-1], 2 represents the slope of the saturation vapor pressure temperature 

relationship [kPa oC-1], and gc and ga are the canopy and aerodynamic conductance [m  

s-1]. 
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7.1.6 Growth rate 

Conventional tree growth parameters such as increments in height and diameter were 

used for evaluating the overall performance of the tree species. These were assessed by 

repeated measurements conducted shortly after planting and at the end of each growing 

season. The proxy values for tree height during the midseason were estimated assuming 

that growth was linear in-between the measurements. The length of the highest shoot 

was measured with a scaled telescoping measuring rod. The stem diameter was 

measured at 5 cm above the base of the stem with a calliper.  

 

7.1.7 Statistical analyses 

The experiment was set up as a split-plot design with irrigation treatments as the main 

and tree species as the split factor (section 6.2.2). Once the data had been checked for 

normality and normalized using the logarithmic transformation when necessary, 

statistical analysis was performed by applying a mixed model (Appendix 10.5). Daily 

transpiration measurements at each experimental plot served as replicates. A complete 

orthogonal set of comparisons was used to contrast treatments and their interactions at a 

p<0.05 level of significance.  

The hourly data was fitted to a multi-regression with transpiration as the 

dependent variable and micro-meteorological factors such as air temperature, relative 

air humidity, air vapor pressure deficit (VPD), and photon flux density (PFD) as well as 

stomatal conductance as the explanatory variables. The stepwise procedure was used as 

it bears the option that an explaining variable, which has entered earlier as being well 

correlated with the criterion variable, later may become redundant after each following 

predictor enters the model. The predictors were compared using the standardized 

coefficients (beta weights), which allow comparison between predictors having different 

units. The squared semi-partial correlation represented that proportion of all the 

variance in the dependent variable transpiration that was associated with one predictor, 

but not with any of the other predictors. For estimation of the contribution of each of the 

predictors to the explanation of the dependent variable, type II SS were used where each 

effect was adjusted for all other effects in the model (Fielding and Gilbert, 2000). The 

statistical analyses were performed using SAS 9.1 software. 
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7.2 Results 

7.2.1 Meteorological factors 

Three periods during the growing seasons could be differentiated with respect to 

atmospheric parameters. The early season (March-May) showed relatively high 

precipitation and gradually increasing air temperature and radiation (Table 7.1).  

 

Table 7.1:  Monthly air temperature and relative humidity (RH), net radiation (Rn), 
wind speed (uz) and air vapor pressure deficit (VPD) during the 
experimental period 

Temperature               
(°C) 

RH     
(%) 

Rn       
(W m-2) 

uz 
(m s-1) 

VPD   
 (kPa) Year Month 

mean max min mean mean mean mean 
2003 January -1.4 13.7 -14.6 84.4 — 0.6 0.1 

 February 1.4 16.4 -4.5 83.1 — 1.1 0.2 
 March 4.5 22.1 -9.6 73.1 — 1.8 0.3 
 April 13.0 31.6 -1.0 52.5 109.9 1.8 0.8 
 May 19.7 33.8 2.9 59.8 127.5 1.1 1.1 
 June 23.3 36.7 10.3 56.2 144.9 0.9 1.5 
 July 27.1 41.3 14.8 51.3 145.9 0.6 1.9 
 August 26.3 39.0 15.9 55.0 127.9 0.4 1.8 
 September 19.3 37.1 4.7 53.8 77.4 0.6 1.2 
 October 13.9 27.5 1.2 53.2 40.0 0.6 0.9 
 November 5.6 19.7 -7.3 78.3 7.1 0.9 0.2 
 December 0.2 15.4 -8.9 74.9 1.8 0.8 0.2 
 Overall 12.8 41.3 -14.6 64.6 85.0 0.9 0.8 

2004 January 1.3 10.7 -7.3 85.8 9.1 1.1 0.1 
 February 5.2 20.9 -9.1 67.1 30.7 1.5 0.3 
 March 9.6 30.0 -2.8 53.1 54.7 1.1 0.7 
 April 13.1 30.4 1.2 55.9 90.2 1.2 0.8 
 May  22.7 37.7 9.8 44.0 120.6 1.1 1.7 
 June  26.7 40.8 12.3 38.7 154.7 0.7 2.3 
 July  25.8 38.0 16.5 60.7 152.8 0.6 1.4 
 August  24.4 38.0 11.9 52.7 123.7 0.6 1.6 
 September 19.7 33.3 7.1 52.7 85.4 0.4 1.3 
 October 11.3 30.5 -2.8 60.7 50 0.4 0.7 
 November 7.3 22.0 -2.4 81.6 17.5 0.7 0.2 
 December -0.3 9.4 -8.7 89.1 8.5 0.9 0.1 
 Overall 13.9 40.8 -9.1 61.8 74.8 0.9 0.9 

 

The midseason (June-August) was characterized by steadily high temperature 

and net radiation, and the late season (September-October) showed progressively 

decreasing temperature and radiation but increasing relative air humidity. The days 

selected for transpiration measurements in May-June, July and September basically 

corresponded with this seasonal pattern (Figure 7.1). In 2003, the peaks of mean net 
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radiation (146 W m-2) and temperature (27 °C) were recorded in July, whereas in 2004 

mean maximal values of 27°C and 155 W m-2 occurred already in June. The wind speed 

was highest during the early season but did not exceed 1.8 m s-1 (Table 7.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7.1:  Average air temperature (T), relative humidity (RH) and photon flux 

density (PFD) during the days of transpiration measurements in the 
beginning (2 and 13 MaP), middle (3 and 15 MaP) and end (5 and 17 MaP) 
of the growing seasons. Bars indicate standard deviations 

 

7.2.2 Soil water conditions 

Soil moisture is shown for the treatment plots and for days of measuring the 

transpiration with the porometer (Figure 7.2).  
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Figure 7.2:  Volumetric soil water content at various depths during transpiration 

measurements according to water treatment and tree species in the early, 
mid and late seasons in 2003 and 2004. FC=field capacity, WP=wilting 
point 

 

The volumetric water content was adequate throughout the experimental period, despite 

the low amount of irrigation water applied. The soil was less moist during the second 

growth year. The least soil water content was registered at the furrow-irrigated plots 

during the hottest month in 2004. In contrast, the drip-irrigated plots were rather 

homogeneously moist throughout the growing period. Furrow-irrigated U. pumila and 

particularly E. angustifolia depleted the upper 0.4 m soil layer in midseason 2004, 

whilst soil water at plots planted with P. euphratica never dropped below the wilting 

point. At drip plots irrigated with deficit norms (section 6.2.2), soil moisture was 

virtually always near field capacity (FC) with the exception of drier E. angustifolia 

plots. Fully drip-irrigated plots showed soil water contents near or above FC. From 0.8 

m downwards, soil moisture at all plots and observation periods reached FC (Figure 

7.2).   
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The electrical conductivity of soil (ECe) examined during the selected days of 

transpiration measurements mostly corresponded to the degree of salinity ranging 

between slight and moderate (classification of Abrol et al., 1988) throughout the 

seasons. However, at each treatment, values above 8 dS m-1 occurred. Such deviations 

towards a strong degree in soil salinity were more prominent at the furrow-irrigated 

plots (Figure 7.3). 

Figure 7.3:  Electrical conductivity of soil (ECe) during transpiration measurements at 

various depths in early, mid and late seasons in 2003 and 2004 

 

Overall, GWT depth ranged between 1.9 m and 0.6 m. It averaged 1.3 m 

during the first growing period and dropped to 1.5 m in 2004 (Figure 7.4). The depth 

fluctuations showed a very clear seasonal pattern following a significant decline outside 

the growing period below 2.2 m, and a gradual increase with the start of irrigation in the 

surrounding agricultural fields. The shallowest level was monitored in the midseason.   
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Figure 7.4:  Groundwater table level (GWT) and salinity (ECW) according to water 
treatments and tree species during the growing periods in 2003-2004 

 
Highest EC values of the GWT were observed in the beginning of both 

growing seasons. Groundwater salinity in 2003 was higher under the drip-irrigated E. 

angustifolia in comparison with the other species. In 2004, irrigation and species effects 

were observed neither with GW depth nor with GW salinity (Table 7.2), whereas the 

trends of both parameters were virtually the same over all treatments (Figure 7.4). Since 

EC values at no times exceeded 6 dS m-1, the degree of GW salinity during both 

growing seasons could be classified as moderate (Rhoades et al., 1992). 
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Table 7.2:  Summary of contrasts (Pr > F) output by the Mixed Model procedure for 
soil volumetric moisture (θ), soil EC (ECe), groundwater table level 
(GWT), EC of groundwater (ECW), leaf transpiration (E), leaf area index 
(LAI), increment in stem height (Hinc) and diameter (Dinc) 

Factor θ ECe GWT ECW E LAI Hinc Dinc 
Year 2003 vs. 2004 **** **** **** **** *** **** **** **** 
    2003         
Drip deficit vs. drip full n.s. **** n.s. n.s. *** n.s. n.s. n.s. 
Drip full vs. furrow deficit ** n.s. n.s. n.s. **** n.s. n.s. n.s. 
Drip deficit vs. furrow deficit  * **** n.s. n.s. n.s. n.s. n.s. n.s. 
E. angustifolia vs. P. euphratica n.s. n.s. n.s. **** **** **** **** **** 
P. euphratica vs. U. pumila n.s. n.s. n.s. n.s. **** ** **** **** 
E. angustifolia vs. U. pumila n.s. n.s. n.s. **** **** *** ** ** 
    E.angustifolia         
Drip deficit vs. drip full n.s. n.s. n.s. n.s. ** n.s. n.s. n.s. 
Drip deficit vs. furrow deficit *** n.s. n.s. ** n.s. n.s. n.s. n.s. 
Drip full vs. furrow deficit *** n.s. n.s. **** ** n.s. n.s. n.s. 
     P.euphratica         
Drip deficit vs. drip full ** **** n.s. n.s. n.s. n.s. n.s. n.s. 
Drip deficit vs. furrow deficit n.s. ** n.s. n.s. n.s. n.s. n.s. n.s. 
Drip full vs. furrow deficit *** n.s. n.s. n.s. ** n.s. n.s. n.s. 
     U.pumila         
Drip deficit vs. drip full *** **** n.s. n.s. n.s. n.s. n.s. n.s. 
Drip deficit vs. furrow deficit n.s. **** n.s. n.s. n.s. n.s. n.s. n.s. 
Drip full vs. furrow deficit **** * n.s. n.s. * n.s. n.s. n.s. 
   2004         
Drip deficit vs. drip full n.s. n.s. n.s. n.s. * n.s. n.s. n.s. 
Drip full vs. furrow deficit *** **** n.s. n.s. n.s. n.s. n.s. *** 
Drip deficit vs. furrow deficit  * **** n.s. n.s. n.s. n.s. n.s. *** 
E. angustifolia vs. P. euphratica n.s. ** n.s. n.s. **** **** **** *** 
P. euphratica vs. U. pumila n.s. n.s. n.s. n.s. **** n.s. ** n.s. 
E. angustifolia vs. U. pumila n.s. ** n.s. n.s. *** **** **** ** 
    E.angustifolia         
Drip deficit vs. drip full **** n.s. n.s. n.s. n.s n.s. n.s. n.s. 
Drip deficit vs. furrow deficit n.s. **** n.s. n.s. n.s n.s. n.s. n.s. 
Drip full vs. furrow deficit **** **** n.s. n.s. n.s n.s. n.s. n.s. 
   P.euphratica         
Drip deficit vs. drip full n.s. n.s. n.s. n.s. n.s n.s. n.s. n.s. 
Drip deficit vs. furrow deficit *** n.s. n.s. **** n.s * * **** 
Drip full vs. furrow deficit *** n.s. n.s. **** * ** ** **** 
   U.pumila         
Drip deficit vs. drip full **** **** n.s. * n.s n.s. n.s. n.s. 
Drip deficit vs. furrow deficit **** ** n.s. n.s. n.s n.s. n.s. n.s. 
Drip full vs. furrow deficit **** * n.s. *** n.s n.s. n.s. n.s. 

* = p<0.1; ** = p<0.05; *** = p<0.01; **** = p<0.001 
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7.2.3 Growth rates and leaf area index 

At the time of transplanting, the sapling size was homogeneous within the same species 

but initial inter-species difference in height and particularly in diameter existed (Figure 

7.5).  
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Figure 7.5:   Stem height and diameter according to growing season, irrigation 

treatment and tree species. Bars indicate standard deviations 
 

One-year-old saplings of E. angustifolia were overall more developed than 

coeval individuals from the other species. Ulmus pumila had greater initial stem 

diameter than P. euphratica, while P. euphratica originally was taller. The treatment-

specific differences in growth rates were significant only for P. euphratica, which grew 

considerably faster under drip irrigation. The growth rate of this species was generally 

poor during the first year of establishment, but drastically increased during the second 

season. The other species demonstrated almost linear increment in height and diameter 
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over time. Elaeagnus angustifolia exhibited the highest growth rates overall (Figure 7.5; 

Table 7.2). 

Similarly, the leaf area index (LAI) essentially differed according to species, 

while treatment-specific differences were significant only for P. euphratica (Table 7.2). 

Drip-irrigated P. euphratica attained a LAI of 3.7 and 2.8 under full and deficit 

irrigation, respectively, while the furrow-irrigated did not even reach an LAI of 1 

(Figure 7.6).  
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Figure 7.6:  Leaf area index (LAI) and active LAI (shaded part) according to growing 

season, irrigation treatment and tree species 
 

The highest average LAI of 7.5 was achieved by E. angustifolia, while for U. 

pumila the maximum LAI did not exceed 3.  Consequently, the extent of within-canopy 

shading was the largest for E. angustifolia, reaching 80% by the end of the growing 

season 2004, rather high for U. pumila trees and the lowest for P. euphratica (Figure 

7.6). The latter showed greater exposure to the sun and, therefore, had a larger active 
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LAI. This was also due to its high mortality at an early age, which created open space 

within the plots.  

Consequently, the transpiration of shadowed leaves measured in midseason 

2004 varied according to species and averaged 26, 37 and 51% of the sunlit leaf 

transpiration for E. angustifolia, U. pumila and P. euphratica, respectively. 

 

7.2.4 Leaf transpiration rates 

Highly significant differences among species (Table 7.2) were observed with respect to 

leaf transpiration (E) and stomatal conductance (gs). Both parameters followed the 

pattern E. angustifolia> U. pumila> P. euphratica, which was observed at all 

treatments during early and mid season 2003 (Figure 7.7). In May and July 2004, the 

transpiration of U. pumila increased in comparison with the previous year and became 

comparable to that of E. angustifolia, whereas P. euphratica retained its relatively low 

transpiration rates during all three measuring periods. By the end of both growing 

seasons in September, leaf transpiration generally decreased under all treatments. At 

this point in time, the transpiration of U. pumila and P. euphratica became similar, 

while E. angustifolia still showed relatively high transpiration.  

The maxima of daily leaf transpiration rates were registered in the middle of 

the season in July (Figure 7.7). The lowest transpiration was recorded during late season 

by measurements in the morning from 7:00 to 9:00 hrs. Diurnal courses of leaf 

transpiration mostly showed unrestricted water loss with one peak typically between 

13:00 to 15:00 hrs. However, during early and late seasons trees occasionally showed 

two peaks of daily transpiration rates. 
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Figure 7.7:  Diurnal courses of leaf transpiration (E) according to months after planting (MaP), water treatment and tree species. Each 

point represents the mean of 12-16 values. Bars indicate standard deviations 
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The daily leaf transpiration averaged across seasons ranged among species 

from 4 to 8 mmol m-2 s-1 in 2003 and from 6 to 9 mmol m-2 s-1 in 2004 (Figure 7.8). 
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Figure 7.8:  Daily mean leaf transpiration according to water treatment and tree species 

during growing seasons 2003-2004. Bars indicate standard deviations 
 

Transpiration and conductance were considerably higher in trees fully irrigated 

via drip during the first growth year, particularly for E. angustifolia, than in those 

irrigated with deficit norms. Values of deficiently irrigated P. euphratica and U. pumila 

were slightly higher under drip than with furrow irrigation. In 2004, P. euphratica 

positively responded to the drip irrigation while, in contrast, the other species showed 

higher transpiration under furrow irrigation. However, on the whole, the irrigation 

effects on transpiration were no longer significant in 2004 (Table 7.2).   

 

7.2.5 Aerodynamic and canopy conductances and stand evapotranspiration 

The peak values of aerodynamic conductance ranged from 64 to 205 mm s-1 (Appendix 

10.12) depending on species. The ga increased with time and culminated at the end of 

the second growing season in 2004. Therefore, the ga in the actively growing plantations 

depended more on the increasing tree height, which was greatest at the end of the 

growing seasons, than on the wind speed, which was elevated in the beginning of the 

seasons.  
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Similarly, the canopy conductance was greater in 2004 than in the previous 

year due to development of the tree crown and, hence, the increased LAI. In 2003, the 

canopy conductance showed an increasing tendency from June to September. In 

contrast, during the growing period in 2004, seasonal differences with a peak in July 

could be identified overall for furrow-irrigated trees and for P. euphratica at all 

treatments (Appendix 10.12). 

Stand evapotranspiration (ET) increased along with tree growth and, in most 

cases, peaked in July. An exception was fully drip-irrigated E. angustifolia and P. 

euphratica stands given continuous increase of their ET in September. The ET values 

estimated for E. angustifolia in several cases exceeded the measured net radiation 

(Appendix 10.12). ET showed stronger correlation with canopy conductance than with 

air VPD (Figure 7.9). 

 

 

 

 

 

 

Figure 7.9:  Monthly means of stand evapotranspiration as a function of vapor pressure 
deficit (VPD) and canopy conductance (gc) 

 
The calculated seasonal WU for the growing period April-October varied 

depending on tree species and age. The maximum seasonal WU of over 2,000 mm was 

estimated for 3-year-old E. angustifolia. The seasonal ET of evenly-aged U. pumila 

approached 1,600 mm. The maximum WU of P. euphratica did not exceed 940 mm 

under drip irrigation while the furrow-irrigated stands transpired only about a half of 

this amount (Figure 7.10).  
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Figure 7.10:  Evapotranspiration (ET) of tree stands for the growing periods April-

October in 2003 and 2004 according to stand age, tree species and water 
treatment 

 

7.2.6 Influence of atmospheric parameters and stomatal control 

Prediction of the leaf transpiration by the micro-meteorological parameters resulted in 

an r2 of 0.38, 0.41, 0.28 for drip deficit, drip full and furrow deficit, respectively 

(Table 7.3a). In all cases, PFD appeared the most decisive parameter. When 

differentiating for species, a particularly low prediction power of the model (r2=0.29) 

was shown for slow growing P. euphratica under furrow irrigation.  

The introduction of the stomatal conductance as a predictor in the MR raised r2 

up to 0.88 (Table 7.3b) due to the share of stomatal conductance in explaining variations 

in transpiration ranging from about 60 % for both drip treatments to 90 % for the furrow 

treatment. VPD ranked second explaining about 40 % of the variation in transpiration, 

while the contribution of occasionally entered PFD and air temperature diminished to 

less than 1%, thus not explaining leaf transpiration. 
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Table 7.3:  Excerpts of stepwise multiple-regression analysis: r2, squared semi-partial coefficients and calculated contribution of entered 
predictors relative air humidity (RH), air temperature (T), air vapor pressure deficit (VPD), photon flux density (PFD), and 
stomatal conductance (gs) 

 
a)  Micro-meteorological parameters used as explaining variables for variations in leaf transpiration 

Furrow deficit (r2 = 0.28) Drip deficit (r2 = 0.38) Drip full (r2 = 0.41) 

Predictor Squared semi-
partial 

Contribution, 
% Predictor Squared semi-

partial 
Contribution, 

% Predictor Squared semi-
partial 

Contribution, 
% 

PFD 0.036 62 PFD 0.053 80 PFD 0.127 85 
T 0.019 32 VPD 0.010 15 T 0.020 14 
VPD 0.003  6 T 0.001  2 VPD 0.003   2 

   RH 0.002  2    

 

b) Micro-meteorological parameters and stomatal conductance used as explaining variables for variations in leaf transpiration 
Furrow deficit (r2 = 0.87) Drip deficit (r2 = 0.88) Drip full (r2 = 0.86) 

Predictor Squared semi-
partial 

Contribution, 
% Predictor Squared semi-

partial 
Contribution, 

% Predictor Squared semi-
partial 

Contribution, 
% 

gs 0.622 90 gs 0.563 61 gs 0.477 60 
VPD 0.069 10 VPD 0.366 39 VPD 0.312 39 
T 0.001            0.2    PFD 0.001     0.1 
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The decoupling coefficient 0, quantifying the responsiveness of the tree 

transpiration to the canopy conductance, varied in time and according to species from 0 

to 0.3. Populus euphratica showed a particularly low 0, which averaged to 0.1. The 0 

for all species increased with age and in most cases showed the highest values during 

the mid seasons, i.e., in July (Appendix 10.12).  

 

7.3 Discussion 

The use of salt-tolerant trees to intercept the capillary rise is an option for coping with 

rising saline GWTs (Heuperman et al., 2002), which are wide-spread in the Khorezm 

region (Ibrakhimov et al., 2004). Hence, WU characteristics of tree species are key 

criteria to judge species performance over shallow saline GWTs and, consequently, to 

evaluate the potential impact of young tree plantations on the elevated GW level. Next, 

the various environmental and physiological parameters influencing leaf and canopy 

transpiration should be considered to explain variations in transpiration, to identify the 

most important factors enhancing tree WU, and to select methods for further 

measurements of transpiration in growing tree stands. 

 

7.3.1 Leaf and canopy transpiration 

The tree species, with the exception of slow-growing furrow-irrigated P. euphratica, 

demonstrated acceptable stem growth rates and canopy development on the marginal 

soil; this is a prerequisite for high transpiration, as trees should be healthy and 

unstressed to facilitate WU at a full rate (Landsberg, 1999a). The basically unrestricted 

transpiration was confirmed by the daily leaf transpiration pattern, which did not show 

obvious signs of stress such as midday depression during the hottest periods (Larcher, 

1995). 

Particularly high leaf and canopy transpiration by fast-growing E. angustifolia, 

as observed in this study, was also evidenced in a number of studies carried out in the 

USA where this species has been proclaimed as a noxious for depleting shallow aquifers 

and out-competing other riparian vegetation (Carman and Brotherson, 1982; Currier, 

1982; Olson and Knopf, 1986). The maximal annual stand ET of 2,000 mm estimated 

for E. angustifolia in this study fell in the range of values determined with various 

species in arid environments as summarized in the review of Heuperman et al. (2002), 
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who reported a tree WU of up to 3,500 mm year-1. Nevertheless, estimated ET values 

for 3-year-old stands of E. angustifolia exceeded the measured net radiation that 

determines the maximal amount of water that can be evaporated while assuming no 

advection. However, in the Khorezm oasis, unsaturated air should be continuously 

entering from the outside Karakum and Kizilkum deserts thus allowing potentially 

higher ET than that determined by the amount of solar energy available. Although the 

wind speed prevailing during the growing season was evaluated as light according to the 

Beaufort wind scale, under arid conditions even small variations in wind velocity can 

cause appreciable variations in the ET rate (Allen et al., 1998).  

The observed relatively high leaf water loss of U. pumila is in line with 

findings of Li et al. (2003) who, given the water relation characteristics of U. pumila, 

recognized it as “the most ecological and economic” species for reforestation in Inner 

Mongolia, China.  

The relatively low WU of P. euphratica, particularly under furrow-irrigation, 

corresponded with conclusions by Gries et al. (2003), who studied water relations of P. 

euphratica in the foreland of river oases in the Taklamakan desert, China, and reported 

a comparatively conservative WU of this species. Another distinction of P. euphratica 

and the other two species is the relatively high WU efficiency in response to drip 

irrigation. This was indicated by the growth of drip-irrigated trees, which was manifold 

superior to the tree development under furrow deficit irrigation, whereas transpiration 

rates did not significantly differ with respect to irrigation treatment.  

 

7.3.2 Evaluation of environmental factors determining transpiration 

Soil water stress, which can significantly reduce transpiration (Poljakoff-Mayber and 

Lerner, 1999), was not a limiting factor for growth and transpiration. Even the depletion 

of the upper soil horizons by the furrow-irrigated E. angustifolia was not critical, as the 

trees could exploit the deeper, moist soil layers as suggested by the average rooting 

depth of 0.7 m (section 6.2.3). Due to an increased reliance of trees on the GWT, the 

significant irrigation-related differences in transpiration were not maintained over time. 

Therefore, despite the generally low amounts of irrigation water applied, the full water 

treatment still could be considered as wasteful during the second growing season for E. 
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angustifolia and U. pumila, as the supplied irrigation water was not entirely taken up by 

the trees.  

Soil salinity has frequently been reported as another factor that may impose 

restrictions to water uptake and, hence, to WU by decreasing the osmotic potential or by 

exerting toxic effects on plants (Marschner, 1995). However, due to accessibility and 

adequate quality of the GWT, the tree species exposed to soil EC levels of up to 18 dS 

m-1 did not show any visual symptoms of salt stress, which usually are manifested in 

tree stunting or foliar injury such as chlorosis or necrosis and premature leaf drop 

(Maas, 1986).  

In general, the diurnal and seasonal courses of the leaf transpiration 

corresponded with the atmospheric demand culminating in midday hours during 

midseason in July as was evidenced by the positive correlation of PFD, air temperature 

and VPD with transpiration. However, given the intensive canopy growth, transpiration 

at the stand level continued to increase till the end of the season even though the 

evaporative demand declined. The results along with the conclusions by Larcher (1995) 

indicate that in forest communities changes in transpiration over time are not only 

influenced by atmospheric variables, but largely by foliage development. Therefore, 

both the environmental and physiological factors play an important role in the 

differential transpiration of the tree species.  

 

7.3.3 Evaluation of stomatal control of transpiration 

Regression analyses allowed quantifying the contribution of the factors influencing leaf 

water loss and showed that the physiological stomata regulation, which is represented 

by the stomatal conductance, exceeded by far the share of all atmospheric variables. 

Thus, the high share of stomatal conductance not only reflected the significant 

differences among species (Larcher, 1995), but also indicated the high responsiveness 

of transpiration to stomata function under the prevailing environmental conditions. 

This indication was quantitatively confirmed by the low values of the 

decoupling coefficient 0. The 0, ranging from 0 to 1, characterizes the extent to which 

the air vapor pressure is imposed at the leaf surface. At 0=1, a tree canopy would be 

entirely decoupled from the bulk atmosphere and, therefore, the changes in conductance 

would not influence the transpiration rate (Meinzer, 1993). The 0 values were 
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particularly low for P. euphratica in general and especially for the slow growing trees 

under furrow irrigation. This confirms the conclusion about the increasing importance 

of stomata function if plants are being stressed out (Larcher, 1995; Morris et al., 1998).  

 

7.3.4 Methodological implications 

The observed high dependence of tree transpiration on physiological factors 

consequently explaining the significant differences in WU among species suggests 

direct measurements of transpiration rather than indirect micro-meteorological 

techniques as the latter do not allow distinguishing the transpiration of different tree 

species within heterogeneous stands (Meinzer, 1993).  

However, the direct porometric measurements, although providing acceptable 

results for 2 and 3-year-old trees, are or will become insufficient when dealing with 

increasing canopy levels and leaf-to-leaf variations in older trees. In addition, the 

estimation of active LAI to up-scale porometric measurements of sunlit leaves has 

limited precision since the proportion and transpiration rate of shadowed leaves can 

vary during the day due to the position of the sun and the intensity of sunlight (Larcher, 

1995). Leverenz et al. (1982) proposed a comprehensive scaling up approach, which 

incorporates measurements of selected branches involving the range of shadow areas 

within each canopy level and accounting for the proportion of each shading category. 

This technique, however, is very time-consuming and hardly allows sufficient 

replications for statistical comparison among different species and (water) treatments. 

Moreover, porometer measurements of shadowed leaves are less feasible than of sunlit 

foliage.  

In contrast, the widely used  direct sap flow measurement (with heat pulse, 

heat balance or thermal dissipation technique) provides continuous measurements of 

tree transpiration and simplifies, although does not eliminate, the issue of up-scaling 

(Deans and Munro, 2004; Hatton et al., 1998; Morris et al., 1998).  

 

7.4 Conclusions 

The satisfactory growth of the tree species under limited irrigation is an encouraging 

evidence of the productive potential of plantations on degraded agricultural land 

underlain by a shallow GWT. The site conditions, including high evaporative demand 
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and sufficient soil water content resulting from the GWT of acceptable quality, 

enhanced transpiration by the salt-tolerant trees at the leaf and stand level. Moreover, 

stand transpiration, largely influenced by the vegetation growth parameters (height, 

LAI), is likely to increase further if the observed growth rates are maintained.  

The full irrigation treatment was excessive during the second growing season, 

as it enhanced neither the transpiration nor the growth of the 3-year-old E. angustifolia 

and U. pumila. However, the drip irrigation significantly increased the stem growth 

rates of P. euphratica.  

Tree species ranking according to leaf and stand transpiration was broadly 

maintained over time. Such differences among species indicate a necessity for careful 

selection of tree species that can cope with shallow GWTs. Elaeagnus angustifolia, 

given its relatively high water use, is the most appropriate candidate for planting over 

shallow GWTs. In contrast, P. euphratica showed the most conservative water use, 

which is less desirable if trees are meant to mitigate rising GWTs. 

Even in conditions of adequate soil moisture content, the variations in 

transpiration could be explained by the atmospheric factors to a limited extent only, due 

to the importance of the stomatal regulation. The high dependence of tree transpiration 

on physiological factors requires direct measurements of transpiration rather than the 

use of micro-meteorological techniques. Porometer observations should be further 

combined with stem sap flow measurements, which are more appropriate for older trees. 
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8 CONCLUSIONS AND OUTLOOK  

 

Currently, elevated soil salinity, waterlogging, and declined soil fertility are severely 

affecting about 20% of the agricultural lands in Uzbekistan’s Khorezm Region. As long 

as these problems continue to aggravate, the health and livelihoods of the population 

already suffering from the Aral Sea environmental disaster are threatened further. 

Appropriate measures to help the rural population adapt to these conditions and mitigate 

the widespread and expanding land degradation are urgently needed. 

Elsewhere, afforestation has proved to be effective in re-vegetating saline 

landscapes, providing valuable products to farmers from marginal degraded land, and 

improving ecological conditions (Heuperman et al., 2002; Marcar and Craw-Ford, 

2004). However, to ensure effective and sustainable outcomes, afforestation of marginal 

lands must be preceded by a comprehensive evaluation of appropriate tree species. This 

research has provided such an evaluation for Khorezm while also contributing to the 

development of methodologies that will support future evaluations on similar 

landscapes. 

This chapter summarizes the key conclusions derived from the initial 

evaluation of ten tree species regarding their use in the Khorezm Region afforestation, 

and subsequent findings on the performance of three promising species on marginal 

land. The chapter concludes with suggestions for further research. 

 

8.1 Potential of tree species for afforesting degraded land 

At a minimum, afforestation of degraded lands like those in Khorezm demands tree 

species that are tolerant to salinity and soil nutrient deficiency, have high survival rates, 

establish easily, and grow quickly. Suitable species should also be a valuable source of 

fruits, foliage/fodder, and/or firewood to motivate farmer engagement in afforestation. 

In addition, to fully realize the ecological benefit of helping to lower elevated GWTs, 

planted species should exhibit high transpiration rates. 

The ranking of 10 tree species (section 3.3.1) according to growth criteria 

showed that E. angustifolia and T. androssowii had the highest growth potential on both 

sandy and loamy textured soils. These two leading tree species were followed by U. 

pumila, P. nigra var. pyramidalis, and P. euphratica whose growth rates, however, 
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differed depending on the parameter observed (root or above-ground matter production) 

or the soil texture. 

In vitro analysis of leaf digestibility and CP content showed that although 

fodder production by the 2-3-year-old trees would be insufficient to satisfy livestock needs 

per se, the high nutritive content in the leaves of E. angustifolia, M. alba and U. pumila 

offered possibilities to supplement low-quality roughages, such as the wheat stalks usually 

fed to local livestock during the off-season (section 3.3.2). Before final conclusions on 

tree fodder suitability can be drawn, the analysis of the feeding value of the trees must 

be complemented with an in vivo assessment of livestock feed intake and live weight 

increments. 

Analysis of the fuelwood quality of the young trees (section 3.3.3) showed 

generally modest calorific values that ranged between 14.4 and 16.2 MJ DM kg-1 due to 

high mineral contents in stem tissues. The extended periods needed to achieve the 

terminal calorific values of the most suitable species, which are expected to be about 

18-21 MJ DM kg-1, can be facilitated by the introduction of mixed plantations. Fast-

starter species with short life expectancies such as E. angustifolia, P. nigra and T. 

androssowii were able to attain relatively high calorific values and produce 

comparatively superior biomass during the initial years. They may be combined with 

slow starters such as U. pumila, which offers advantages over the longer term.  

The tested species’ suitability for biodrainage purposes showed high variance 

(section 5.3). Once again, the leading species with regard to its biodrainage potential, 

judged by leaf transpiration and root growth, proved to be E. angustifolia followed by 

U. pumila, P. euphratica and P. nigra var. pyramidalis, whereas fruit species such as P. 

armeniaca and M. alba, though desirable from the farmers’ monetary viewpoint, 

showed low biodrainage potential. Since E. angustifolia and U. pumila also have 

superior feed characteristics, they will provide added value, which makes them most 

attractive candidates for afforestation and concurrent biodrainage purposes.  

The overall species ranking based on physiological and socio-economic 

potential has emphasized E. angustifolia, U. pumila and P. euphratica. Although this 

selection resulted from the evaluation of trees in their early growth stages, the species 

suitability to afforest marginal land can be supported by the data on survival of mature 
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individuals of these species on existing land patches abandoned from agricultural 

practices, where no other tree species could be found to survive (Khamzina, 2003).   

The complementary assessment of the relative growth rate (RGR), criteria 

used in tree-ecological short-term studies to explain long-term growth trends, pointed 

out E. angustifolia and P. euphratica based on their RGR and underlying physiological 

and morphological components such as specific leaf area, leaf weight ratio and net 

assimilation rate (Table 4.3). This confirms the conclusions on the suitability of these 

species based on the common criteria, used in forestry research. 

 

8.2 Performance of the selected species on marginal land 

The afforestation of saline marginal land with the selected species is initially dependant 

on irrigation before the trees can solely rely on the available groundwater resources. As 

availability of irrigation water on marginal land is inadequate, the establishment and 

growth of tree species was field tested under deficit irrigation quantities applied via drip 

and traditional furrows.  

Based on the performance of the trees, it can be concluded that stand 

establishment was successful given the accessibility of the groundwater resources of an 

appropriate quality (section 6.4). The salinity level of the GWT, though inappropriate 

for the common local agricultural crops, did not restrict growth of these tree species. 

Due to the ample soil moisture conditions provided by the groundwater and irrigation 

(although applied at deficit rates), the trees tolerated the strong soil salinity without 

inhibition in growth and transpiration. This is an encouraging argument for establishing 

tree plantations on otherwise unproductive land by using low irrigation levels but at a 

high application frequency. 

Drip irrigation did not provide superior advantages over the conventional 

furrow technique for establishment of E. angustifolia and U. pumila during the period 

examined. Full drip irrigation prompted significantly higher transpiration rates of E. 

angustifolia but during the first growing season only. Therefore, an application of drip 

irrigation for establishment of E. angustifolia and U. pumila plantations would be 

unnecessary at marginal sites where a shallow, slightly-to-moderately saline GWT is 

available throughout the growing season. However, drip (both deficit and full) irrigation 

essentially increased growth rates of P. euphratica and, therefore, proved to be more 
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appropriate than the furrow technique for increasing the productivity of this major tugai 

species on degraded land.  

Tree species rankings according to DM production and leaf and stand 

transpiration (section 7.4) were broadly maintained over time. E. angustifolia showed 

the fastest growth and highest water use, indicating the greatest suitability for planting 

on low fertility land, which was very likely also due to its N fixation capability in saline 

conditions. U. pumila showed adequate DM production on degraded land, although 

demonstrating high biomass allocation towards the root fraction. P. euphratica was the 

only species that showed poor growth under furrow irrigation. However, it rapidly 

developed under a frequent drip water supply. Water use of P. euphratica was less 

opportunistic than that of the other tree species, which makes it less desirable for the 

purposes of biodrainage. 

Observed variations in daily, seasonal and annual transpiration among the 

three species on marginal land could be explained only to a limited extent by 

atmospheric parameters due to the dominant influence of the species-dependant 

physiological mechanism of stomata regulation. This strong physiological control of 

transpiration in trees under the agro-ecological conditions of Khorezm argues for direct 

measurement of transpiration instead of the use of standard micro-meteorological 

techniques that do not consider differences among tree species.  

The high evaporative demand of the atmosphere and availability of shallow 

GWT of slight-to-moderate salinity facilitated transpiration by the salt-tolerant trees. 

This provides the necessary prerequisites for integrating biodrainage plantations on 

marginal land in Khorezm. Moreover, over the experimental period, tree stand 

transpiration rose along with the vegetation growth, implying its further increase if 

growth rates are maintained.  

 

8.3 Implications of the research for further studies 

The observed satisfactory growth of all three tree species under limited irrigation is 

encouraging evidence of the productive potential of plantations that include these 

species on degraded agricultural land underlain by a shallow GWT. However, this 

conclusion is based on the first three years of tree growth. Obviously, species behavior 

during the crucial establishment phase is a prerequisite for their further development, 
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but only long-term studies can estimate the full potential of the selected tree species for 

afforestation of degraded land. It is especially important to determine the long-term 

productive value of the plantations for the farmers and the ecological benefits of various 

species. 

 

8.3.1 A follow-up on nitrogen-fixing tree species 

The ability of E. angustifolia to retain its biological nitrogen fixation (BNF) capacity in 

saline conditions is promising and requires more in-depth study to assess BNF rates and 

the influence of this species on the changes in soil organic matter due to BNF and leaf 

litter decomposition. Although Domenach et al. (1994) characterized leaves of E. 

angustifolia as prone to bio-degradation, Llinares et al. (1994) witnessed slow leaf 

decomposition rates with this species and, hence, potential N conservation on sites 

incubated by E. angustifolia. Therefore, the ability of the species to add N to the soil-

plant system seems to be site specific and should be investigated under the agro-climatic 

conditions in Khorezm. Preliminary outcomes of very recent studies in Khorezm have 

already shown that tree plantations with E. angustifolia have potential for increasing the 

soil organic matter due to relatively rapid leaf litter decomposition (Khamzina et al., 

2005a). 

The 2-year observations in this study revealed drastically decreasing P soil 

stocks under plantations, which may slow down N fixation. Follow-up studies should 

quantify P fertilization amounts, which may be necessary to keep up BNF rates.  

The N-fixing Robinia pseudoacacia L. is also adapted to the intervention 

region and its involvement is recommended for future trials. 

 

8.3.2 Biodrainage potential of afforestation  

The territory of Khorezm represents a groundwater discharge zone and is particularly 

susceptible to salinity build-up in the absence of leaching (Ibrakhimov, 2005). Available 

experience in similar environments in mature tree stands (e.g., Morris et al., 1998) has 

shown decreased growth, water use, and, therefore, potential influence on the elevated 

GWT. Reduced transpiration usually was associated with increasing soil salinity, which 

threatens the plantations’ sustainability (Heuperman et al., 2002; Thorburn, 1999). In a 

recent study (Archibald et al., 2006) on mature tree plantations established adjacent to a 
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saline discharge area low growth rates were also observed. However, the excellent 

survival of several tree species allowed the conclusion that the discharge plantations can 

persist if suitable salt-tolerant species are planted.  

The assessment of tree performance during the first three years on marginal 

land showed high growth rates, which were comparable to those reported for trees on 

irrigated agricultural land, despite the increase of the root-zone salinity from slight to 

strong (section 3.3.1). Therefore, follow-up research should quantify the further salt 

accumulation rate in response to the groundwater uptake, determine the influence of 

increasing salinity on growth and water use of older plantations and, if required, 

estimate leaching demands for maintaining plantation sustainability.  

For quantifying the transpiration in older tree stands, the direct stem flow 

techniques seem to be most appropriate and could thus complement porometer 

observations that alone would become insufficient for assessing tree transpiration in 

rapidly growing plantations. The continuous automatic measurements of the GWT 

fluctuations would be useful to supplement the direct transpiration observations and to 

estimate the groundwater uptake by plantations as was shown by the results of an 

accompanying study on tree–GWT interaction (Khamzina et al., 2005b). 

 

8.3.3 Implication for socio-economic studies  

When the introduction of tree species is considered, farmer acceptance for planting 

them should be gained. Currently the farmers’ preference for planting trees is geared 

towards fruit species, as these meet the immediate prime objectives of the farmers and 

land owners, which are increasing income and improving their food basket (Worbes et 

al., in preparation). However, the examined fruit tree species did not show high 

potential, while others planted in the region, such as Malus, Pyrus, and Cerasus spp. 

(Worbes et al., in preparation) are known as salt sensitive, which restricts their potential 

for afforestation of marginal land. The integration of sociological surveys and tree 

demonstration trials can assist in gaining farmers’ willingness to integrate ecologically 

appropriate species that can provide direct benefits to degraded land where crops and 

majority of fruit trees are unproductive.  

Foresters and farmers would benefit from socio-economic studies on the 

afforestation of marginal agricultural land, such as on initial investments associated with 
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tree plantings and short- and long-term quantifications of farmers’ income gains. No 

data on the economy of non-timber forest products in Central Asian countries were 

found at the time of this study. Obtaining such data is imperative for future economic 

studies, while proof of economic benefits could greatly motivate the farmers’ 

acceptance of tree planting.  

Finally, in Uzbekistan, the legal framework for afforesting marginal land 

patches, which are either abandoned from agricultural practices or still being cropped, is 

rather obscure. Therefore, the legislative aspects of setting aside degraded agricultural 

land for ecological purposes need to be ascertained. 

 

8.4 Overall conclusions 

The results of this study show that afforestation of marginal lands with multipurpose 

tree species can mitigate land degradation, improve land- and water-use efficiency and 

offer farmers a return from those land areas where crops are no longer profitable. With 

the choice of the right tree species, short- and long-term ecological and socio-economic 

advantages of afforestation can be obtained via: 

- increasing the productive capacity of the degraded land while using low 

irrigation quantities and relying on the available groundwater resources; 

- enhancing discharge of the shallow saline GWT by the transpirative power of 

trees;  

- offering fuelwood, which is a major source of the energy supply in the rural 

households that predominate in Khorezm; 

- producing fruits and leaf fodder of superior quality to supplement the roughages 

commonly fed to livestock outside the growing season. 

Despite these encouraging findings, future studies in adult tree stands should 

evaluate long-term sustainability of afforestation when tree growth entirely relies on 

saline GWT. The frequently monitored salt accumulation under biodrainage plantations 

elsewhere may decrease the growth and transpiration rates of trees planted in the GWT 

discharge areas that are predominant in Khorezm. 

The results of the early tree-growth evaluation and findings of the 

accompanying studies indicate that tree plantations on low fertility land in the long run 

have potential to: 
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- replenish soil N stock via BNF, which persists under saline conditions;  

- increase soil organic matter due to leaf decomposition by, particularly, NF 

species. 

Last but not least, the plantations on barren land showed amenity and 

aesthetics value such as providing shadow and shelter and offering possibilities for bee 

foraging and habitats for wildlife. 

Evaluation of irrigation techniques for forest establishment judged by the 

plantation growth performance under furrow and drip irrigation showed that: 

- drip irrigation was advantageous for establishment and growth of P. euphratica;  

- drip irrigation did not offer immediate advantages over the traditional furrow 

technique for E. angustifolia and U. pumila planted above shallow GWT, subject 

to higher furrow irrigation frequency and lower amounts of irrigation water than 

commonly practiced in the region.  
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10 APPENDICES 

 

Appendix 10.1:  Concentration of exchangeable cations in 1 m soil layer 
                        ± indicates standard deviation 

Cation content, cmol(+)kg-1 Cation Treatment Species 
April 2003 October 2003 October 2004 

Na+ Furrow deficit E.angustifolia 1.78 ± 0.88 2.48 ± 1.47 2.11 ± 1.34 
  P.euphratica 1.78 ± 0.88 1.99 ± 0.81 2.45 ± 1.00 
  U.pumila  1.78 ± 0.88 2.05 ± 1.04 1.76 ± 0.72 
 Drip deficit E.angustifolia 1.56 ± 0.51 2.13 ± 1.64 4.73 ± 3.85 
  P.euphratica 1.56 ± 0.51 0.80 ± 0.53 2.24 ± 1.32 
  U.pumila  1.56 ± 0.51 1.23 ± 1.11 3.72 ± 3.00 
 Drip full E.angustifolia 2.44 ± 1.74 1.66 ± 1.57 5.79 ± 5.02 
  P.euphratica 2.44 ± 1.74 0.56 ± 0.49 3.62 ± 4.62 
  U.pumila  2.44 ± 1.74 2.19 ± 1.87 2.50 ± 2.11 
  Overall means 1.93     1.68     3.22     
Ca2+ Furrow deficit E.angustifolia 2.21 ± 1.56 2.33 ± 1.43 1.91 ± 1.78 
  P.euphratica 2.21 ± 1.56 1.47 ± 0.68 2.17 ± 1.40 
  U.pumila  2.21 ± 1.56 1.43 ± 0.72 1.21 ± 0.77 
 Drip deficit E.angustifolia 1.70 ± 0.99 2.99 ± 2.20 4.36 ± 3.21 
  P.euphratica 1.70 ± 0.99 1.19 ± 0.64 2.29 ± 1.67 
  U.pumila  1.70 ± 0.99 2.82 ± 2.22 3.77 ± 3.84 
 Drip full E.angustifolia 2.04 ± 1.59 2.05 ± 1.26 5.03 ± 2.64 
  P.euphratica 2.04 ± 1.59 1.31 ± 0.58 3.59 ± 2.98 
  U.pumila  2.04 ± 1.59 2.78 ± 2.40 2.63 ± 1.90 
  Overall means 1.98     2.04     2.99     
Mg2+ Furrow deficit E.angustifolia 0.82 ± 0.59 1.24 ± 0.89 1.35 ± 1.15 
  P.euphratica 0.82 ± 0.59 0.83 ± 0.39 1.40 ± 0.73 
  U.pumila  0.82 ± 0.59 0.81 ± 0.49 0.85 ± 0.38 
 Drip deficit E.angustifolia 0.64 ± 0.43 1.72 ± 1.37 2.77 ± 2.28 
  P.euphratica 0.64 ± 0.43 0.61 ± 0.31 1.23 ± 0.68 
  U.pumila  0.64 ± 0.43 1.16 ± 0.96 2.12 ± 1.97 
 Drip full E.angustifolia 1.08 ± 0.55 1.18 ± 0.94 3.75 ± 3.22 
  P.euphratica 1.08 ± 0.55 0.57 ± 0.26 2.62 ± 3.30 
  U.pumila  1.08 ± 0.55 1.55 ± 1.17 1.66 ± 1.12 
  Overall means 0.85     1.07     1.97     
K+ Furrow deficit E.angustifolia 0.07 ± 0.07 — 0.06 ± 0.04 
  P.euphratica 0.07 ± 0.07 — 0.07 ± 0.03 
  U.pumila  0.07 ± 0.07 — 0.05 ± 0.02 
 Drip deficit E.angustifolia 0.03 ± 0.02 — 0.10 ± 0.07 
  P.euphratica 0.03 ± 0.02 — 0.06 ± 0.05 
  U.pumila  0.03 ± 0.02 — 0.12 ± 0.10 
 Drip full E.angustifolia 0.08 ± 0.07 — 0.17 ± 0.17 
  P.euphratica 0.08 ± 0.07 — 0.09 ± 0.08 
  U.pumila  0.08 ± 0.07 — 0.08 ± 0.06 
  Overall means 0.06           0.09     
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Appendix 10.2:  Content of humus (soil organic carbon), total nitrogen and available 
phosphorus and potassium in 1 m soil depth 

                   ± indicates standard deviation 
Element content 

Month 
 

Element 
 

 
Treatment 

 

 
Species 

 April 2003 October 2003 October 2004 
Humus, Furrow  E.angustifolia 0.97 ± 0.39 0.71 ± 0.18 0.76 ± 0.15 
g 100 g-1 deficit P.euphratica 0.97 ± 0.39 0.85 ± 0.22 0.98 ± 0.18 
  U.pumila 0.97 ± 0.39 0.80 ± 0.25 0.77 ± 0.21 
 Drip deficit E.angustifolia 0.60 ± 0.23 0.70 ± 0.34 0.76 ± 0.26 
  P.euphratica 0.60 ± 0.23 0.63 ± 0.22 0.62 ± 0.21 
  U.pumila 0.60 ± 0.23 0.72 ± 0.42 0.76 ± 0.20 
 Drip full E.angustifolia 0.87 ± 0.45 0.75 ± 0.27 0.83 ± 0.16 
  P.euphratica 0.87 ± 0.45 0.67 ± 0.20 0.66 ± 0.12 
  U.pumila 0.87 ± 0.45 0.66 ± 0.24 0.60 ± 0.33 
  Overall means 0.81     0.72     0.75     
N Furrow  E.angustifolia — 0.05 ± 0.01 0.05 ± 0.01 
% deficit P.euphratica — 0.06 ± 0.01 0.07 ± 0.01 
  U.pumila — 0.06 ± 0.02 0.05 ± 0.01 
 Drip deficit E.angustifolia — 0.05 ± 0.02 0.05 ± 0.02 
  P.euphratica — 0.04 ± 0.01 0.05 ± 0.02 
  U.pumila — 0.05 ± 0.03 0.05 ± 0.01 
 Drip full E.angustifolia — 0.05 ± 0.02 0.06 ± 0.01 
  P.euphratica — 0.04 ± 0.01 0.05 ± 0.01 
  U.pumila — 0.04 ± 0.02 0.04 ± 0.02 
  Overall means      0.05     0.05     
P2O5 Furrow  E.angustifolia 31.15 ± 36.5 2.08 ± 1.60 2.51 ± 1.94 
mg kg-1 deficit P.euphratica 31.15 ± 36.5 2.47 ± 1.85 2.61 ± 1.98 
  U.pumila 31.15 ± 36.5 3.28 ± 2.37 3.10 ± 2.01 
 Drip deficit E.angustifolia 17.80 ± 17.4 1.58 ± 1.83 3.91 ± 2.26 
  P.euphratica 17.80 ± 17.4 3.70 ± 2.22 6.65 ± 3.23 
  U.pumila 17.80 ± 17.4 5.70 ± 4.84 5.29 ± 2.17 
 Drip full E.angustifolia 26.90 ± 14.4 2.69 ± 3.41 4.68 ± 1.37 
  P.euphratica 26.90 ± 14.4 4.60 ± 3.04 5.20 ± 3.15 
  U.pumila 26.90 ± 14.4 3.03 ± 2.35 4.09 ± 1.68 
  Overall means 25.28     3.24     4.23     
K2O Furrow  E.angustifolia 189.9 ± 79.3 124.4 ± 30.0 104.8 ± 38.8 
mg kg-1 deficit P.euphratica 189.9 ± 79.3 139.2 ± 31.6 161.5 ± 32.9 
  U.pumila 189.9 ± 79.3 176.4 ± 15.2 132.0 ± 58.1 
 Drip deficit E.angustifolia 86.3 ± 26.8 130.9 ± 61.2 116.3 ± 64.5 
  P.euphratica 86.3 ± 26.8 120.6 ± 30.9 98.8 ± 30.3 
  U.pumila 86.3 ± 26.8 241.1 ± 31.0 141.6 ± 58.2 
 Drip full E.angustifolia 174.7 ± 72.4 161.3 ± 27.4 163.9 ± 80.9 
  P.euphratica 174.7 ± 72.4 113.5 ± 21.3 119.9 ± 48.7 
  U.pumila 174.7 ± 72.4 134.2 ± 79.8 231.3 ± 95.1 
  Overall means 150.3     151.9     141.1     
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Appendix 10.3:  Content of toxic salt ions and pH of soil and GW according to growing season, water treatment and tree species. In April 
2003, six pits were sampled; later samples were collected from each experimental plot. Mean values for 1 m soil depth are 
presented 

                  ± indicates standard deviation 
Ion content in soil, cmol kg-1 Ion content in ground water, g l-1 

Month Month 
 

Ion 
 

 
Treatment 

 

 
Species 

 Apr 2003 Oct 2003 Oct 2004 Apr 2003 Oct 2003 Oct 2004 
Cl- Furrow deficit E.angustifolia 1.15 ± 0.49 2.17 ± 1.90 1.76 ± 1.41  0.19   0.34 ± 0.07 0.35 ± 0.16 
  P.euphratica 1.15 ± 0.49 1.28 ± 0.88 1.96 ± 1.07  0.19   0.25 ± n/a 0.49 ± 0.42 
  U.pumila  1.15 ± 0.49 1.35 ± 0.89 1.20 ± 0.43  0.19   0.36 ± n/a 0.51 ± 0.42 
 Drip deficit E.angustifolia 1.27 ± 0.49 1.89 ± 1.72 3.15 ± 2.82  0.99   0.47 ± 0.27 0.22 ± 0.05 
  P.euphratica 1.27 ± 0.49 0.81 ± 0.43 1.52 ± 0.94  0.99   0.69 ± 0.53 0.40 ± 0.25 
  U.pumila  1.27 ± 0.49 1.27 ± 1.10 2.69 ± 2.49  0.99   0.36 ± 0.13 0.25 ± 0.03 
 Drip full E.angustifolia 2.26 ± 1.72 1.63 ± 0.79 4.59 ± 4.38  0.48   0.43 ± 0.18 0.22 ± 0.11 
  P.euphratica 2.26 ± 1.72 0.73 ± 0.32 2.09 ± 2.56  0.48   0.45 ± 0.16 0.23 ± 0.02 
  U.pumila  2.26 ± 1.72 1.53 ± 1.18 1.71 ± 1.56  0.48   0.44 ± 0.23 0.25 ± 0.07 
  Overall means 1.56     1.41     2.29     0.55    0.42     0.32     
SO4

2- Furrow deficit E.angustifolia 3.58 ± 2.57 3.49 ± 1.95 3.40 ± 3.04 0.52   0.46 ± 0.02 0.61 ± 0.11 
  P.euphratica 3.58 ± 2.57 2.59 ± 1.10 3.89 ± 2.09 0.52   0.32 ± 0.01 0.91 ± 0.78 
  U.pumila  3.58 ± 2.57 2.54 ± 1.45 2.23 ± 1.41 0.52   0.42 ± 0.01 0.91 ± 0.92 
 Drip deficit E.angustifolia 2.52 ± 1.55 4.59 ± 3.69 8.55 ± 6.56 1.78   0.67 ± 0.28 0.32 ± 0.08 
  P.euphratica 2.52 ± 1.55 1.39 ± 0.75 4.04 ± 2.55 1.78   0.89 ± 0.56 0.60 ± 0.53 
  U.pumila  2.52 ± 1.55 3.57 ± 2.81 6.71 ± 6.57 1.78   0.52 ± 0.22 0.30 ± 0.06 
 Drip full E.angustifolia 3.29 ± 2.32 2.87 ± 2.78 9.85 ± 6.45 1.53   0.68 ± 0.17 0.51 ± 0.13 
  P.euphratica 3.29 ± 2.32 1.32 ± 0.73 7.51 ± 8.09 1.53   0.67 ± 0.40 0.43 ± 0.05 
  U.pumila  3.29 ± 2.32 4.62 ± 3.99 4.94 ± 3.61 1.53   0.64 ± 0.35 0.42 ± 0.08 
  Overall means 3.13     3.00     5.68     1.28     0.59     0.56     
Na+ Furrow deficit E.angustifolia 1.78 ± 0.88 2.48 ± 1.47 2.11 ± 1.34  0.20   0.20 ± 0.03 0.26 ± 0.07 
  P.euphratica 1.78 ± 0.88 1.99 ± 0.81 2.45 ± 1.00  0.20   0.15 ± 0.01 0.38 ± 0.34 
  U.pumila  1.78 ± 0.88 2.05 ± 1.04 1.76 ± 0.72  0.20   0.20 ± 0.01 0.42 ± 0.33 
 Drip deficit E.angustifolia 1.56 ± 0.51 2.13 ± 1.64 4.73 ± 3.85  0.70   0.37 ± 0.21 0.19 ± 0.04 
  P.euphratica 1.56 ± 0.51 0.80 ± 0.53 2.24 ± 1.32  0.70   0.43 ± 0.38 0.32 ± 0.16 
  U.pumila  1.56 ± 0.51 1.23 ± 1.11 3.72 ± 3.00  0.70   0.30 ± 0.15 0.16 ± 0.08 
 Drip full E.angustifolia 2.44 ± 1.74 1.66 ± 1.57 5.79 ± 5.02  0.47   0.24 ± 0.07 0.21 ± 0.04 
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Appendix 10.3:  continued 
Ion content in soil, cmol kg-1 Ion content in ground water, mg l-1 

Month Month 
  

Ion 
  

  
Treatment 

  

  
Species 

  Apr 2003 Oct 2003 Oct 2004 Apr 2003 Oct 2003 Oct 2004 
  P.euphratica 2.44 ± 1.74 0.56 ± 0.49 3.62 ± 4.62  0.47   0.31 ± 0.10 0.21 ± 0.04 
  U.pumila  2.44 ± 1.74 2.19 ± 1.87 2.50 ± 2.11  0.47   0.35 ± 0.19 0.21 ± 0.08 
  Overall means 1.93     1.68     3.22     0.46     0.28     0.26     
pH Furrow deficit E.angustifolia 7.7 ± 1.0 — 8.0 ± 0.20 — — 8.3 ± 0.08 
  P.euphratica 7.7 ± 1.0 — 8.0 ± 0.13 — — 8.3 ± 0.13 
  U.pumila  7.7 ± 1.0 — 8.1 ± 0.19 — — 8.2 ± 0.10 
 Drip deficit E.angustifolia 8.1 ± 0.2 — 7.9 ± 0.24 — — 8.2 ± 0.06 
  P.euphratica 8.1 ± 0.2 — 7.9 ± 0.24 — — 8.2 ± 0.22 
  U.pumila  8.1 ± 0.2 — 7.9 ± 0.21 — — 8.2 ± 0.10 
 Drip full E.angustifolia 7.9 ± 0.3 — 7.8 ± 0.22 — — 8.2 ± 0.14 
  P.euphratica 7.9 ± 0.3 — 7.9 ± 0.26 — — 8.1 ± 0.22 
  U.pumila  7.9 ± 0.3 — 7.9 ± 0.20 — — 8.3 ± 0.27 
  Overall means 7.9           7.9                8.2     
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Appendix 10.4:  Description of the drip irrigation system 

 

The drip irrigation system (manufactured by “Netafim” company) consisted of a main 

pipeline (Ø=50 mm, total length 219 m) made from stabilized high density polyethylene 

and sub-main pipelines (Ø=25 mm, total length 317 m) connected with irrigation hoses 

(Ø=20 mm, total length 1680 m) supplied with pressure compensated drippers.  

The self-compensating drippers (C.N.L. type) provided a stable water flow rate of 

4 l h-1 independent of their location along the dripper line. Irrigation water entered the 

system via a 140-mesh disk filter (Disc Arkal 1.5 Super filter), which prevented dirt 

particle penetration into the system. Maintenance of the filter included its periodic hand-

washing under high water pressure once a week. The drip system was equipped with four 

automatic measuring valves shutting down after application of the pre-set volume of water. 

Water pressure for the drip irrigation was warranted by a water tower of about 10 m height, 

located next to the experimental site (Figure 6.2).  

All pipes were covered with 5-6 cm of soil. One-year-old trees were planted after 

installation of the drip system in prepared planting holes at a distance of about 20 cm from 

drippers. Each tree was served by one dripper. At the end of each growing season, the drip 

irrigation system was flushed with pressurized water, disassembled and removed from the 

field for the winter period. 

The total cost of the drip irrigation system was USD 2,100. 
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Appendix 10.5: SAS Mixed Model program used for the split-plot design.  

 

*Analysis of leaf biomass; 
proc mixed data=sasuser.Leaf biomass METHOD=REML CL ALPHA=0.05; 
     class SPECIES IRRIGATION TREATMENT REPLICATE; 
     model Leaf biomass = irrigation treatment species irrigation treatment*species / 
DDFM=Satterth; 
     random REPLICATE REPLICATE*IRRIGATION TREATMENT; 
  lsmeans irrigation treatment species irrigation treatment*species ; 
contrast 'drip deficit vs drip full' irrigation treatment 1 -1 0; 
 
contrast 'drip full vs furrow deficit' irrigation treatment 0 1 -1; 
 
contrast 'drip deficit vs furrow deficit' irrigation treatment 1 0 -1; 
 
contrast 'E.angustifolia vs P.euphratica' species 1 -1 0; 
 
contrast 'P.euphratica vs U.pumila' species 0 1 -1; 
 
contrast 'E.angustifolia vs U.pumila' species 1 0 -1; 
 
*for species E.angustifolia the irrigation treatment interactions; 
contrast 'E.angustifolia_drip deficit vs E.angustifolia_drip full' irrigation treatment 1 -1 0 
species*irrigation treatment 1 -1 0 0 0 0 0 0 0;  
 
contrast 'E.angustifolia_drip deficit vs E.angustifolia_furrow deficit' irrigation treatment 1 0 -1 
species*irrigation treatment 1 0 -1 0 0 0 0 0 0;  
 
contrast 'E.angustifolia_drip full vs E.angustifolia_furrow deficit' irrigation treatment 0 1 -1 
species*irrigation treatment 0 1 -1 0 0 0 0 0 0;  
 
* Analogical procedure for P. euphratica and U. pumila 
 
* for irrigation treatment drip deficit the species interactions; 
contrast 'E.angustifolia_drip deficit vs P.euphratica_drip deficit' species 1 -1 0 
species*irrigation treatment 1 0 0 -1 0 0 0 0 0;  
 
contrast 'E.angustifolia_drip deficit vs U.pumila_drip deficit' species 1 0 -1 
species*irrigation treatment 1 0 0 0 0 0 -1 0 0;  
 
contrast 'P.euphratica_drip deficit vs U.pumila_drip deficit' species 0 1 -1 
species*irrigation treatment 0 0 0 1 0 0 -1 0 0;  
 
* Analogical procedure for drip full and furrow deficit irrigation treatments; 
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Appendix 10.6:  Nodulation of the E. angustifolia roots: a) and b) three-year-old tree; c) 

sixteen-year-old tree 
 

 

 
Appendix 10.7:  Branchlet of E. angustifolia showing leaves and flowers   

b) 

c) 

a) 
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Appendix 10.8a:  Soil salinization at the experimental site in March, 2003 

 

Appendix 10.8b:  Overviews of the experimental site in June, 2005 

E. angustifolia and U. pumila U. pumila and P. euphratica 

U. pumila P. euphratica and E. angustifolia 
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Appendix 10.9:  Soil texture and bulk density (g cm-3) at six locations at the experimental  

site. Z= silt, ZL = silt loam, ZC = silt clay, SL = sand loam  
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Appendix 10.10: Soil infiltration rate determined at two locations at the experimental site 
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Appendix 10.11: Leaf area as a function of leaf fresh weight according to tree species 
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Appendix 10.12:  Aerodynamic (ga) and canopy conductance (gc), stand 
evapotranspiration (ET), net radiation (Rn) and decoupling coefficient 
(�) according to irrigation treatment, tree species and measurement 
month.  

                  Values in bold show ET values that exceed Rn values. 
Treat-
ment Species Month ga,        

mm s-1 
gc,         

mm s-1 
ET,      

mm d-1 
Rn,      

mm d-1 � 

Furrow  E. angustifolia June 2003 43 1.0 2.3 10.9 0.1 
deficit  July 2003 75 4.2 5.5 9.2 0.2 
  Sept 2003 91 4.3 3.1 5.6 0.1 
  May 2004 109 2.4 3.1 8.2 0.1 
  July 2004 172 13.2 15.4 10.2 0.3 
  Sept 2004 205 9.4 8.6 5.9 0.1 
 P. euphratica June 2003 45 0.03 0.1 11.0 0.0 
  July 2003 51 0.1 0.2 9.2 0.0 
  Sept 2003 47 0.2 0.2 5.6 0.0 
  May 2004 57 0.7 1.0 8.2 0.0 
  July 2004 63 1.7 3.0 10.2 0.1 
  Sept 2004 62 1.2 1.4 5.9 0.1 
 U. pumila June 2003 30 0.1 0.3 11.0 0.0 

  July 2003 51 1.9 3.0 9.2 0.1 
  Sept 2003 63 1.4 1.1 5.6 0.1 
  May 2004 75 5.9 6.8 8.2 0.2 
  July 2004 89 6.3 8.5 10.2 0.3 
  Sept 2004 90 4.5 4.4 5.9 0.2 

Drip  E. angustifolia June 2003 47 0.9 1.8 9.9 0.1 
deficit  July 2003 61 3.7 5.6 9.9 0.2 
  Sept 2003 83 5.8 3.8 5.6 0.2 
  May 2004 90 2.8 4.6 9.5 0.1 
  July 2004 120 8.3 11.1 10.2 0.3 
  Sept 2004 178 8.8 8.1 5.9 0.2 
 P. euphratica June 2003 49 0.02 0.1 9.9 0.0 
  July 2003 40 0.3 0.7 9.9 0.0 
  Sept 2003 40 0.3 0.3 5.6 0.0 
  May 2004 43 0.4 0.8 9.5 0.0 
  July 2004 44 4.3 6.9 10.2 0.3 
  Sept 2004 57 4.1 4.1 5.9 0.2 
 U. pumila June 2003 34 0.5 1.1 9.9 0.1 

  July 2003 45 1.4 2.6 9.9 0.1 
  Sept 2003 64 3.7 2.6 5.6 0.1 
  May 2004 70 5.1 7.7 9.5 0.2 
  July 2004 74 7.5 10.0 10.2 0.3 
  Sept 2004 98 2.5 2.6 5.9 0.1 
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Appendix 10.12:  continued 
Treat-
ment Species Month ga,        

mm s-1 
gc,         

mm s-1 
ET,      

mm d-1 
Rn,      

mm d-1 � 

Drip  E. angustifolia June 2003 51 1.1 2.1 10.0 0.1 
full  July 2003 49 5.0 8.4 9.8 0.3 
  Sept 2003 78 5.2 3.3 5.6 0.2 
  May 2004 89 3.5 5.7 8.2 0.1 
  July 2004 129 4.7 6.5 10.3 0.2 
  Sept 2004 177 11.3 10.3 6.1 0.2 
 P. euphratica June 2003 54 0.1 0.2 10.0 0.0 
  July 2003 36 0.2 0.4 9.8 0.0 
  Sept 2003 46 0.3 0.2 5.6 0.0 
  May 2004 52 0.6 1.1 8.2 0.0 
  July 2004 64 2.7 4.3 10.3 0.2 
  Sept 2004 81 6.3 6.0 6.1 0.2 
 U. pumila June 2003 37 0.4 1.0 10.0 0.1 

  July 2003 35 1.5 3.5 9.8 0.2 
  Sept 2003 55 1.4 1.1 5.6 0.1 
  May 2004 63 1.5 2.7 8.2 0.1 
  July 2004 79 8.1 9.8 10.3 0.3 
  Sept 2004 101 5.7 5.6 6.1 0.2 
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