EVALUATING THE RESPONSE OF TEFHFgagrostis
tef (Zucc.) Trotter] AND HARD RED WINTER WHEAT
(TriticumaestivumL.) TO YIELD LIMITING FACTORS

IN OKLAHOMA

By
MUAID SHAKER ALI

Bachelor of Agriculture/Science in Plant Proimct
University of Basra
Basra, Iraq
1995

Master of Agriculture/Science in Agronomy
University of Basra
Basra, Iraq
2000

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfillment of
the requirements for
the Degree of
DOCTOR OF PHILOSOPHY
July, 2013



EVALUATING THE RESPONSE OF TEFHFgagrostis
tef (Zucc.) Trotter] AND HARD RED WINTER WHEAT
(TriticumaestivumL.) TO YIELD LIMITING FACTORS

IN OKLAHOMA

Dissertation Approved:

Dr. Jeff Edwards

Dissertation Adviser

Dr. Vijaya Gopal Kakani

Dr. Kefyalew Girma Desta

Dr. Jeffrey Anderson




ACKNOWLEDGEMENTS

First of all, I thank my God, who daily provides rttee successful way, strength, and
purpose to do my mission in the best way. The IMujistry of Higher Education and
Scientific Research is also gratefully acknowleddmdproviding a full scholarship to
perform my Ph.D. program at Oklahoma State Uniter€redit is due to the faculty,
staff, and students in Plant and Soil Sciences mgat, who was a pleasure to work
with. | am especially grateful for my advisor, Dieff Edwards, for his constant
mentoring and encouragement. Other Ph.D. commitiembers included Dr. Girma
Desta, who provided valuable guidance and diredtioperform all my experiments and
study; and Dr. Gopal Kakani, who was very helpégpecially in using his instruments,
and Dr. Jeffrey Anderson, who was an outstandiagter of the Temperature Stress
Physiology. | am especially grateful for the Oklate State University undergraduate
students, Bill Jones and Mason Jones, for theistasge to perform the experiments. |
appreciated many hours of field work with Michaetifert, Apurba Sutradhar, Maria
Edano, Romulo Lollato, Givanna Cruppe and soillfgrigroup. Many thanks to Richard
Austin and Matt Knori helped in field work. | apprated Dr. Payton Mark to help in
analyzing data. Special thanks to faculty in Piamd Soil Science Department. Several
people contributed indirectly to the success of #ffort. From an early age my parents
instilled in me a deep sense of the importancedoication. | am appreciative of my
children, Abrar, Esalam, Menat Allah and Zainabpovdould always put a smile on my
face after a long week of hard work research. Acigppehank goes to my lovely wife,
whose love, encouragement, and support are inMaluabme. Also, many thanks to my

big family Iraqi people, especially to my family lirag.

iii
Acknowledgements reflect the views of the author and are not endorsed by committee
members or Oklahoma State University.



Name: MUAID SHAKER ALI
Date of Degree: JULY, 2013

Title of Study: EVALUATING THE RESPONSE OF TEFEfagrostis tef (Zucc.)
Trotter] AND HARD RED WINTER WHEAT (TriticumaestivumL.) TO
YIELD LIMITING FACTORS IN OKLAHOMA

Major Field: Plant Science/ Crop Physiology anddeiction

Abstract:Scope and Method: Weather conditions such as temperature and praogm
are the most important crop growth limiting factansOklahoma. Less precipitation is
available for crop growth during the summer month®e to high evapotranspiration
attributed to high temperature. In some yearswimeer is dry affecting performance of
winter crops. Soil applied phosphate fertilizere wificiency in winter wheat is low
because of soil and weather related factors. Thexetontrol and field experiments were
established to determine teff growth and yield. gh@vth chamber teff study comprised
three temperature regimes, four levels of soil miogs three times of watering intervals,
and two photoperiods. Treatments for the field gtindluded four levels of irrigation and
two watering intervals. Foliar phosphorus improfesse efficiency of crops. However,
no effective foliar products are available on tharket. The objective of the phosphite
study was to evaluate Nutri-phite, a foliar phogplig product on winter wheat yield,
guality and nutrient use efficiency in five fieldger two years. Treatments for the foliar
P study included application of a Nutri-phite abtgrowth stages of winter wheat. Nutri-
phite was applied with and without N at 100 and 7Z&%rop need and P at 100 and 80%
of P sufficiency a long a check (no fertilizer) astdndard (farmer practice) treatments.

Findings and Conclusions: In the control study, teff biomass and grain gseincreased
with increasing soil moisture and decreased witieasing temperature and photoperiod.
Grain yield was more affected by high temperatue drought than biomass yield in the
growth chamber study. In the field experiment, kass and grain yield were highly
related to water amount. Teff produced acceptaibieéiss and grain yields under rainfall
treatment. The Nutri-phite product improved graield of wheat in some fields,
especially when rainfall is not limiting during tlggowing season. In addition, Nutri-
phite was more efficient in increasing grain phaspk concentration compared with the
check treatment. Thus, application of Nutri-phitegimh improve the wheat growth and
yield if weather conditions are normal, and thétigmount of Nutri-phite is used.



TABLE OF CONTENTS

Chapter Page

|. GENERAL INTRODUCTION ....ciiiiiiiiiiiiiiiiii e nnes 1

Il. TEFF GROWTH AND YIELD AS AFFECTED BY DAY LENGTH

TEMPERATURE AND SOIL MOISTURE .....cooiiiiiiiiieeeeeeee e 3
AB ST R A CT ...ttt et e e e e e e s s bbbttt e e e e e aaaeeaaaaarrrrrarrnees 3
INTRODUCTION AND LITRUTURE REVIEW ........utitiieeiiiiiiiiieeeeeeeee 5
MATRIALS AND METHODS ...ttt imemree et e e e e e 8
RESULTS L.ttt 444ttt et e e e e e e e e e eeeeesbnbbbeenees 13
Morphological variables ............cooo e 13
Biomass and grain yield...............ueeeeiiiiiiii s 26
Teff photoSynNthetiC traitS ...........ooiiiieeeee s 36
DISCUSSION ...ttt ettt sttt e et e e e e e e e e e e e s sesereeeeeees 39
CONCLUSIONS. ...t ee e et e e e e e e e e e e e e e e eeenareees 41
REFERENCES ......ooiiiiiiiii ettt e 43

RESPONSE OF TEFF BIOMASS AND GRAIN YIELDS TO SOILAVER

AVAILABILITY AND WATERING INTERVALS ........oottiiiiiiiiiiieiiiiieiccee e 46
AB ST RA CT -ttt e ettt e e e e e e e e an bbb aan e 46
INTRODUCTION AND LITRUTURE REVIEW ..., 48
MATRIALS AND METHODS ...ttt ieemee ettt 51
1 I T PP 59
Morphological variables ............cccoo e 59
Biomass and grain yield...............ueeeiiii e 63
Photosynthesis physiological resistance relatgtbt...............coovvvvvvviiinnnnnnn. 70
DISCUSSION ...ttt e e e e e e e e ena e e eanas 75
CONCLUSIONS. ...t et e e e e e e e e e s 78
REFERENGCES ..ot e e e e e nnnan s 79



Chapter Page

IV. RESPONSE OF WINTER WHEAT GROWTH, GRAIN YIELD,MD
PHOSPHORUS AND NITROGEN UPTAKE TO FOLIAR PHOSPHITE

FERTILIZATION ..utttiiiiiiiiieiee et ettt e e e e e e e e e e e e e e enenreees 83
AB ST R A CT ..ttt e e e e e e s e bbbttt e ettt et aaeaeeanananrrrranaes 83
INTRODUCTION AND LITREATURE REVIEW ...t 85
MATERIALS AND METHODS. ...t 91
Treatments and treatments SIrUCIUIe .....ceeeeeeeevvieiiiiiiiie e 92.
Soil samples and fertilizer appliCation ......ccc..uveeeiiiiiniie e Q4
Sowing date and field PractiCes ..........aoeeeeriiieeeeiiiiiiiiiree e e e e e e eeeen a5
Data collection and analyzing..........oooceeeeeiiiiieeee e 95
RESULTS L.ttt 44ttt ettt et e e e e e e eeeesbnbbbnnn e 96
Perry field 1, 2009........coouiiiiiiiiiiin e 96
Perking 2009........uuiiiiiiiiiiiiee e e e e e e ettt e e e e e e e e e e e e e e e e ———————_ 98
PErkins 2010 ..cceeiiiiiiiiiiaieee ettt e e e e e e e e e e e ee e e e b aeennneaeee 102
Perry field 2, 2010.......cooeeieeiiiiee s s e e e e e e e e e e e e e 104
MOITISON 2000 ... .ottt eenaaaaaeeas 107
DISCUSSION ...ttt ettt e e e e e e e e e e e s eeeeaseeee e 110
CONCLUSIONS. ...ttt remeene e e e e e e e e e e e enenenes 113
REFERENCES ..ottt 115

Vi



LIST OF TABLES

Table Page

Table 1.1. Total amount of water (ml) added to epoh of teff plant based on field
capacity, watering interval, temperature and dagtle. The pots were watered between 9
and 10 AM. at growing seasons 2011 and 2012 atah&ol experiment. ................ 12

Table 1.2. Statistical analysis (PROC MIXED withpeated measurement) of teff
seedling numbers per pot as affected by the coribmaf each field capacity (%) with
watering intervals (day) treatments under the éftécthe combination of temperature
(°C) with day length (hour) treatments in growtlactber studies in 2011 and 2012.

Table 1.3. Statistical analysis (PROC MIXED witlpeated measurement) of teff tillers
number per plant as affected by the combinatiosagh field capacity (%) with watering
intervals (day) treatments under the effect of cbenbination of temperature (°C) with
day length (hours) treatments in growth chambetistuin 2011 and 2012 .............. 16

Table 1.4. Teff plant height (cm) at 4, 8 and 1Zkgeafter emergence as affected by the
combination of field capacity (%) with watering énvals treatments. Each combination
of field capacity with watering interval treatmemismpared individually and treatments
means with the same letter are not statisticalffextint atp< 0.05 level of least square

Table 1.5. Statistical analysis (PROC MIXED witlpeated measurement) of teff plant
height (cm) as affected by the combination of efield capacity (%) with watering
intervals (day) treatments under the effect of cmwauiton of temperature (°C) with day
length (hour) in growth chamber studies in 20112082 .............cccccceeiviieeeeeeeeeen. 19

Table 1.6. Leaf number per teff plant at 3, 6 aritD9veeks after emergence as affected
by the combination of field capacity treatments (@bh watering intervals treatments.
Each combination of field capacity with wateringteirval treatments compared
individually and treatments means with the santeretre not statistically different p&
0.05 level of [east SQUANrE MEANS .......... e e e e e e ea e 21

Vii



Table Page

Table 1.7. Statistical analysis (PROC MIXED withpeated measurement) of Leaf
number per teff plant as affected by the combimatié each field capacity (%) with

watering intervals (day) treatments under the éfééacombination of temperature with
day length in growth chamber studies in 2011 arfP2Q...........cccooeeeeeieiiiiiiiieeiiinnns 22

Table 1.8. Leaf area (@nper teff plant at 4, 8 and 10 weeks after emezgers affected
by the interaction of field capacity (%) with watey intervals treatments. Each
combination of field capacity with watering intehiaeatments compared individually
and treatments means with the same letter aretaitgtcally different ap< 0.05 level of
oo TS Yo (U T2 U 0 == 1 1R 24

Table 1.9. Statistical analysis (PROC MIXED witlpeated measurement) of leaf area
(cn?) per teff plant as affected by the combinationeath field capacity (%) with
watering intervals (day) treatments under the éftéccombination of temperature with
day length in growth chamber studies in 2011 ar®2Q..............ccccoeeeeeiiiiiiiiieeeennnn, 25

Table 1.10. Statistical analysis (PROC MIXED widpeated measurement) of Biomass
yield (g pot') of teff plant as affected by the combination atle field capacity (%) with
watering intervals (day) treatments under the éfééacombination of temperature with
day length in growth chamber studies in 2011 arfP2Q...........cccooeeeeeieiiiiiiieeeiiiinnns 28

Table 1.11. Statistical analysis (PROC MIXED wittpeated measurement) of grain
yield (g pot') of teff plant as affected by the combination atle field capacity (%) with
watering intervals (day) treatments under the éftéccombination of temperature with
day length in growth chamber studies in 2011 arfP2Q...........ccoooeeeeiiiiiiiiiiiiiiiinnns 31

Table 1.12.Linear contrast of biomass and graitd\ig pot’) of teff plant as affected by
watering interval at the treatments of the combamabf day lengths with temperatures.

Table 1.13. Linear contrast of biomass and graéfdy(g pot’) of teff plant as affected by
field capacity at the treatments of the combinatibday lengths with temperatures.

Table 2.1. Average maximum and minimum (°C) air gerature and relative humidity
(%) and total rainfall (mm) from May to Septemb@Q11 and 2012 at Stillwater,
OKIBNOM@ ... ettt e e e e e e e e e e e e aaeaaeeeaeeeeesnnnens 57

Table 2.2. Total amount of water (Liter) added &ule plot of teff plant based on the

combination of field capacity and watering interaalStillwater, OK at growing seasons
P20 T T 2 TR 58

viii



Table Page

Table 2.3. Analysis of variance (PROC GLM) and nseaeparation for tillers per teff
plant at tillering stage (4-5 weeks from plantirage), teff plant height (cm) at harvesting
stags, and leaf area (Enof teff before flowering stage as affected byryeariety and
the combination of water quantity (field capacityith watering interval treatments at
Stillwater, OK, 2011-2012......cccoiiiiiiiiiicmee e e e e e e e e e e eeeesrrenenees 61

Table 2.4. Linear and quadratic contrast and respah NDVI, tillers number per plant
at tillering stage of teff plant, teff plant heigfdm) at harvesting stage, and leaf area
(cn?) of teff plant (before flowering stage) to varieyd the combination of water
guantity (field capacity) with watering intervatatments, at Stillwater, Ok, 2011-2012.

Table 2.5. Analysis of variance (PROC GLM) and safian means of biomass and grain
yields (kg nY) of teff plant as affected by year, variety ané tombination of water
qguantity (field capacity) with watering intervatatments at Stillwater, Ok, 2011-2012.

Table 2.6. Linear and quadratic contrast and respoh biomass and grain yields (kg m
%) of teff plant, and water use efficiency (kg planm®) of teff plant to variety and the
combination of water quantity (field capacity) withiatering interval treatments at
Stillwater, OK, 2011-2012........ccceeeiiermmmm s sreeeeaeeeeerrreeeeesesssbareeeeesssnneeesessnsenes 66

Table 2.7. Analysis of variance (PROC GLM) and safian means of yield of quantum
efficiency and photosynthetical efficiency of P8liteff plant as affected by year, variety
and the combination of water quantity (field capgcwith watering interval treatments
at Stillwater, OK, 2011-2012........ccceeeiimmmmmm et e e e e e e eeeeereeeeees 72

Table 2.8. Cumulative stress response index (C&Rillers number at tillering stage (4-
5 weeks from planting date), plant height at haiugsstage, leaf area before the
flowering stage, biomass and grain vyield, vyield qbiantum efficiency, and
photosynthetical efficiency of PSII of teff planhder the effect of the combination of
water quantity (field capacity) with watering intat treatments and the effect of varieties
at Stillwater, Ok, 2011-2012.........ccooiii et 73

Table 2.9. Drought susceptibility index (DSI) obbiass and grain yields of teff varieties
under the effect of the combination of water qusn(field capacity) with watering
interval at Stillwater, OK, 2011-2012.......comeerriiiiieeeiiiiiie e 74

Table 3.1. Study fields at location over two praitut years of hard red winter wheat at
State of OKIANOMA.........ueiii e e 91

Table 3.2. Structure and abbreviations of treatsehtNutri-phite and soil fertilizer with
and without Nutri-phite of hard red winter wheat2@09/ 2010 and 2010/ 2011 seasons
at State of OKIANOMA..........ooo i 93



Table Page

Table 3.3. Initial surface (0-15 cm) soil test @weristics of hard red winter wheat field
at Perkins, Perry, and Morrison, OK, 2009/2010 2000/2011.............ccvvveeeeeeernnnn. 94

Table 3.4. Analysis of variance and mean separdtoriller number per wheat plant,
plant height (cm), and grain yield (kg Hain hard red winter wheat as affected by
treatments at Perry field 1, OK, 2009 .......mmmmeermniiiiiieeeeeeeeeieereeeeriiinnnnnaannens 97

Table 3.5. Analysis of variance and mean separdtoriller number per wheat plant,
plant height (cm), and grain yield kg han hard red winter wheat as affected by
treatments at Perkins, OK, 2009/2010 ..ot 99

Table 3.6. Analysis of variance and mean separdtiptotal phosphorus mg Kgand P
uptake kg hd in hard red winter wheat as affected by treatnagrPerkins, and Perry
Field 1, OK, 2009/2010 ......ccouiiiiiiiiiiis e ettt e e e e 101

Table 3.7. Analysis of variance and mean separdtoriller number per wheat plant,
plant height (cm), and grain yield kg han hard red winter wheat as affected by
treatment at Perkins, Ok, 2010/2011........cooooorieeeeeeeeeeeecciie e 103

Table 3.8. Analysis of variance and mean separdtoriller number per wheat plant,
plant height (cm), and grain yield kg han hard red winter wheat as affected by
treatments at Perry Field 2, OK, 2010/2011 weeeeevviiiiiiieie e 106

Table 3.9. Analysis of variance and mean separdtoriller number per wheat plant,
plant height (cm), and grain yield kg han hard red winter wheat as affected by
treatments at Morrison, OK, 2010/2011 ......cceeuiiiiiiiiiiiiiieieeeeee e 108

Table 3.10. Analysis of variance and mean separétiototal phosphorus (mg Kyand
P uptake (kg H3 in hard red winter wheat as affected by treatmentPerkins, Perry
Field 2, and Morrison, OK, 2010/2011........ucceeeieeeeeeiiieeeeeeeiiiree e e e e e e e 109



LIST OF FIGURES

Figure Page

Figure 1.1. Teff tillers number per plant at 4-5eke and at 11-12 weeks after emergence
as affected by the combination of field capacity) (¥th watering intervals (day)
treatments. Each combination of field capacity witlatering interval treatments
compared individually and bars with the same ledirer not statistically different g
0.05 level of [east SQUArE MEANS .......ooe oo 15

Figure 1.2. Biomass yield (g pbtof teff plant as affected by the combination etle
field capacity treatments (%) with watering intdsvéday) treatments. Each combination
of field capacity with watering interval treatmermsmpared individually and bars with
the same letter are not statistically differerp<a0.05 level of least square means.

Figure 1.3. Grain yield (g pd} of teff plant as affected by the combination atle field
capacity (%) with watering intervals (day) treatrtsericach combination of field capacity
with watering interval treatments compared indialiippand bars with the same letter are
not statistically different gi< 0.05 level of least square means..........................30

Figure 1.4. Relation of grain yield (g pdtto biomass vyield (g pd} of teff plant as
affected by the combination of watering quantitel(f capacity) with watering interval
under the effect of the combination of day lengifith temperatures. Each value is
presented the mean of three replicates of eaclaoiien between field capacity and
watering interval at either day lengths and temiDBes...............cccceeeveeiiieeiinnnnnnnee. 5.3

Figure 1.5. Photosynthetic assimilation ratand stomatal conductangs, of teff plant
as affected by the combinations of watering quanfiteld capacity) with watering
interval under the effect of the combination of daygths and temperatures. Each value
is presented five time readings over crop growiisse of each combination between
field capacity and watering interval at both daygéhs and temperatures.................. 37

Figure 1.6. Response teff photosynthetic assimitatateA to intercellular [CQ] C; of
teff plantas affected by the combinations of watering quantiield capacity) with
watering interval under the effect of the combioatof day lengths and temperatures.
Each value is presented five time readings ovegp growth season of each combination
between field capacity and watering interval ablady lengths and temperatures.



Figure Page
Figure 2.1. Soil berm, iron sheet, plastic shaad, $0il moisture tensiometer........... 56

Figure 2.2. Trend of biomass and grain yields (9 wf teff plant as affected by water
potential (KPa). Each point is the average of elek@adings of each combination of
water quantity (field capacity) with watering intat during growth seasons at Stillwater,
(O 1 0 1 I I 0 L 68

Figure 2.3. Soil water potential of water quantigld capacity) at every one week and
two weeks watering interval over teff growing seasat Stillwater, Ok, 2011-2012

Xii



CHAPTER |

GENERAL INTRODUCTION

This dissertation presents results of two independperiments. The first
experiment evaluated tefEfagrostis tef (Zucc.) Trotter] as an alternative forage and
grain crop in the State of Oklahoma in controlled &eld situations in 2011 and 2012.
Teff is a principal warm season annual grass cropvig in Ethiopia. It is tolerates low
water stress and endures moderate water loggimggibw in some African countries as
livestock forage. Teff was introduced into the Uy the missionaries and expatriates
from Ethiopia in 1916 to the State of Californiaet€ma, 1997). It is growing as forage

grass in 25 states in the US (Davison et al., 2011)

In Oklahoma, during the last five years, many pomis showed interest in
growing teff. However, its establishment, growtld ameld are influenced by day length,
temperature, and soil moisture. Although the croplriought tolerant, like any crop, it
requires a certain level of soil moisture particylagiven the high heat index in
Oklahoma. This project is designed to establish riationship between day length,

temperature and soil moisture with teff growth paegers and yield. The controlled



study was conducted in the growth chambers and gsetpthree temperature regimes, four
levels of soil moisture, three times of waterintemals, and two photoperiods. Treatments

for the field study included four levels of irrigat and two watering intervals.

The second experiment evaluated foliar phosphiteavd red winter wheaf(iticum
aestivum L.) at Perkins, Perry and Morison, OK over 2009 206d0. The major problem of
soil applied fertilizers has been low nutrients wséiciency, especially nitrogen and
phosphorous. To improve grain quality and nutriase efficiency, we proposed foliar
application of P. However, effective formulatiomst can be easily absorbed by cereal crop
leaves are lacking. Nutri-phftes a phosphite foliar fertilizer formulation thptrportedly
absorbed through leaf tissues. In this experimBtri-phite was applied at two growth

stages of winter wheat with and without soil apihingtrogen and phosphorus.

In general, the two experiments are organized folr chapters including this
General Introduction. Chapter Il covers the comtblteff study entitled “Teff growth and
yield as affected by day length, temperature amdsmisture”. Chapter Il deals with the teff
study conducted in the field entitled “Responseedif biomass and grain yield to soil water
availability and watering interval”. The last chaptChapter IV covers the work conducted
in winter wheat entitled “Response of winter whegaiwth, grain yield, and phosphorus and
nitrogen uptake to foliar phosphite fertilizationAll three chapters are strategically
addressing environmental and management constfainssiccessful production of teff and

red hard winter wheat in Oklahoma.



CHAPTER Il

TEFF GROWTH AND YIELD ASAFFECTED BY DAY LENGTH,

TEMPERATURE AND SOIL MOISTURE

ABSTRACT

Teff [Eragrostis tef (Zucc.) Trotter] is an annual dual-purpose grassp.c
Although the crop is drought tolerant, teff morptgital and yield responses to different
soil moisture regimes, day length period and teaipee are not well understood.
Therefore, a controlled environment growth chamdgsgreriment was initiated in 2011
and 2012. Experimental design was a split-plot reyjeament and a completely
randomized with three replications. A factorial donation of three levels of watering
interval (3, 5 and 7 days) as main plot and fouelk of field capacity (FC) (100%, 75%,
50%, or 25% of FC) as sub-plot, was treated with dhaty lengths (14 light /10 dark or 16
light /8 dark hours) and three day/night tempertegimens (24/19, 27/16, and 30/24 C
day/night). Tiller number, plant height, and leeéawere decreased by increasing water
deficit, temperature, and day length. The lowdkrtnumber and plant height @ and
43 cm) were recorded at the combination of 25% HG w 7-day watering interval. The
greatest leaf area was 47 Tat day length 14/10 hourBiomass and grain yield were

3



decreased at high water and temperature stresag@igaday length from 14/10 to 16/8
hours resulted in 14% decrease in biomass yieldinGrield decreased by 13% at the
combination of Fg + 13 days compared to k6 + 13 days. Grain yield response to
water treatments wasR{=0.87 and 0.58) at (14/10 and 16/8 hours respdglive
Photosynthetic assimilation ratd)(and stomatal conductance to water vaggg (vere
correlated to the combination of FC with wateringgivals R= 0.76, 0.45, and 0.40)
and &= 0.90, 0.47, and 0.67) of 24/19°C, 27/16°C and.30C respectively at (14/10
and 16/8 hours respectively). Teff growth and yieldre tightly correlated to water

availability, temperature, and photoperiod.



INTRODUCTION AND LITERATURE REVIEW

Most of the crops introduced into the US for foaud &odder purposes were
brought here by the immigrant communities frompaltts of the world. Some of these
crops and herbs are well accepted by local pouatior alternative uses, thus creating
a common interest and demand for those crops. Qde srop is teff Eragrostis tef
(Zucc.) Trotter]. Teff is an annual warm grass gafious to Ethiopia (Ketema, 1997). It
is a tetraploid crop with 2n =40 chromosomes (Tawksl986). Teff seeds are small in
size, and weight of 1000 seeds is 0.3 to 0.4g,tefidproduces massive fibrous root in

early season growth (Stallknecht et al., 1993).

Teff grain contains high levels of several mineralgh as iron, magnesium,
calcium, phosphorus, and thiamine (National Rese@auncil, 1996; Mengesha, 1965).
It is an excellent source of essential amino a@dpecially lysine, the amino acid that is
most often deficient in common grain foods inclglwheat and millet (Lovis, 2003;
Spaenij-Dekking et al., 2005). Unlike common cesdalheat, corn, and barley), teff has
balanced nutrition but is low in gluten, which maka good diet source for gluten
intolerant people (Stallknecht et al., 1993). Tefage contains high amount of proteins;
a field trial research in Montana reported 9.6 30/% hay protein and the same Relative
Feed Quality (RFQ) as full-bloom alfalfa, which gad from 78 to 108 in research from

Oregon and Washington (Stallknecht et al., 1993pBia et al., 2009).

Temperature, soil moisture, planting depth andtsaiiure are some of challenges
to established teff. Though teff can be grown inide range of soil moisture conditions

extending from highly drought to highly waterloggsall, but the early season growth is

5



weak until a very good root system is establishddn(er et al., 2007; Millar, 2010). A
preliminary green house study conducted in 201@easigd that teff can well thrive if
moisture level is over 15% water content (weightwaiter/weight of soil) and relative
humidity (RH) of 65% or lower (Ali and Girma perssdnobservation). Girma (2009)
reported that teff produced 5 to 12 tori*lod total biomass in central Oklahoma under
optimal soil moisture. Drought soil conditions redugrain yield, especially if the stress
occurs during the vegetative growth stage, anchgyld reduction of 40% and 85.1%
reported under greenhouse grown soil drought comdit(Ayale, 1993; Takele, 1997 &
2001; Teferra et al., 2000). Likewise, tiller numbelant height and both yield of
biomass and grain yield of all teff genotypes daseel under soil moisture stress
compared to non-stress condition (Takele, 1997; @glrand Belay, 2011). In U.S.A,
highest forage yield (9 to 13.5 ton/ha) was recdrdependent upon soil moisture levels

ranged from dry to well irrigation (Boe et al. 19&&khoff et al. 1993).

In another study that compared the interactioneefistreatment and temperature
on teff seedling vigor, Ghebrehiwot et al. (2008pwed that temperature was not a
critical factor when temperatures range from 238®°C. Generally, at 15°C teff should
grow well. Soil temperature less than 18.4°C inkileff growth (Stallknecht, 1997,
Millar, 2010). Debelo (1992) reported that low geration of teff seed was recorded at
low temperatures 15/15° and 15/25°C compared tt kegnperatures 25/25°, 35/35°,
15/35°, and 25/35°C. Highest yields (700 to 1600hkd) are typically obtained in its
native country, Ethiopia, under a range of tempeeatrom 10° to 29°C (Stallknecht,

1997; Hunter et al., 2007; Millar, 2010).



Teff is a photoperiod sensitive plant, and optindaly length (12 hours) is
appropriate to induce flowering in teff. Shorterydangths (8 hours) and longer day
lengths (16 hours) reduce and delay flowering &f @i€atema, 1997; Roseberg et al.,
2005). Growing teff in early season (low temperatat less than 10°C) can lead to more
weed problems as it is very sensitive and lessanteo frost and freezing (Stallknecht,
1997; Millar, 2010). Teff forage yield is more siive to day length and decreased yield

at short day lengths, especially in fall seasortéie, 1997).

Photosynthetic efficiency of teff is also affectegtemperature. Carbon exchange
rate of teff increased with increasing the tempegafrom 18 to 42°C and then decreased
at temperatures above that. In the same time gitelar CQ concentration was not
significantly affected by temperature but in gehangercellular CQ concentration level
decreased at the temperature in which it was optimaarbon exchange rate. Stomatal
conductance increased as temperature increaseéd&e al., 1989). Net photosynthetic
assimilation and respiration rates of teff decrdalsg 92.8% and 60% respectively at
very high water stress less than 75% of soil watexilability. Water stress during the
vegetative growth stage decreased a photosynthhasess and water stress had a

significant effect on stomatal conductance (Dej&®€9).

In Oklahoma, teff is a new crop and farmers arergdted in growing teff to
produce hay during summer, but its management is el understood. More
importantly, establishment, erratic rainfall, andrsner heat make production difficult.

The objective of this study was to determine thfeatfof day length, temperature, soil



moisture level and watering intervals on growth susdids of teff. The specific objectives

of this project were:

(1) Evaluate teff response to the interaction of wajeantity (field capacity), and
watering interval.
(2) Determine the interaction of day lengths, and tawatpee on growth and yield of teff

under controlled environment.

MATERIALSAND METHODS

Six controlled environment growth chambers at thent@l Environmental
Research Laboratory (CERL) facility of Oklahoma t8tdJniversity were used to
accommodate six day length by temperature combinsiti Two day lengths were
evaluated 14/10 (short day, SD), and 16/8 (long d4y) light/dark hours to mimic
Oklahoma day length during summer. Three temperategimes were evaluated (1)
24/19°C day/night chosen to represent an ambiezdl itemperature (IT), (2) 27/16°C
day/night which mimicked the 10- years average tmapre of Oklahoma during May to
August as minimum temperature (MT) , and (3) 3024lay/night as high temperature
(HT) in which the temperature was set to 30°C ia tinst month, 35°C in the second
month with an increase in temperature of 1°C evkrays until reached 35°C and a
decrease in temperature from 35°C in the third manta rate of 1°C every 4 days. The
last temperature regime was designed to mimic areesummer in Oklahoma. Relative

humidity of growth chambers was set to 50/50, 554850 % day/night for 24/19°,



27/16°, and 30/24°C temperature, respectively, imimmthe Oklahoma environmental

conditions during summer. The trial was repeatezt @911 and 2012.

In each growth chamber, a factorial combinationfaefr soil water levels and
three levels of watering interval were implement&dil moisture levels were maintained
at 25, 50, 75 and 100% of field capacity (fscFCrs, FGso, and FGs) corresponding to
12.5, 25, 37.5 and 50 (v/v of soil/water), respeasyi. Field capacity was measured
depending on the field soil at Agronomy Researdti@t at Stillwater and as described
by Anderson and Ingram (1993). Dominant soil typéhs location is a norge fine-silty,
mixed, active, thermic udic apleustolls. Waterintgivals were watering every 3, 5, and
7 days (I3, 15, and 17). Water requirement was ioleth by weighing pots before and after
irrigation to measure the amount of water needexramg to field capacity and soill

weight.

The experimental design within a growth chamber s@i-plot arrangement and
completely randomized within three replications.iMplots were watering interval and
sub-plots were field capacity. Each growth chamtmertained 36 small pots (12.7 cm
depth by 15.3 cm diameter). Each pot was fillechvéitkg of soil (silty clay loam) from
the Agronomy Research Station. Soil water amouabl€t 1.1) and watering interval
treatments were treated 10 days after plantingvaeict continued until physiological
maturity. The 10 days delay after planting ensuw@uplete emergence of teff. About 15
seeds of teff were planted in each pot and eacthadt65 kg N tand 50 kg mh
available to plant growth, accounting for residblland P in the soil. Two-third of

nitrogen was applied before jointing.



Planting date was August 3, 2011 and February 2220eff was harvested
manually at physiological maturity with scissors biovember 15, 2011 for all the
growth chambers except the 30/24°C and 16/8 hduamber, which was harvested on
October 25. In 2012 the harvest date was on Mafp@@ll growth chambers except the

30/24°C chambers which were harvested on April 30.

Number of seedlings, plant height (cm) from thed soirface until the end of
panicle, leaf numbers per plant, and leaf area weyasured at 3-4, 6-8, and 10-11 weeks
after planting. Number of tillers were measuredmyitillering stage (4-5 weeks from the
planting date) and at final harvest (11-12 weeksnfithe planting date). Aboveground
biomass, and grain yield was measured at physicdbgnaturity. After harvest teff was
dried in an oven (42°C) for 7 days, and then waighted for biomass yield and threshed

by hand and cleaned to determine grain yield.

Leaf area was measured using LI-3000 leaf area rm&ieCOR, Lincoln,
Nebraska USA). Physiological variables includingofoisynthetic C@ assimilationA
(umol CQ m*? s1), stomatal conductance to water vapggs)(mol HO m? s%), and
intercellular CQ concentratiorC; (tmol CQ mol air') were measured with lal-6400
portable photosynthesis system (LI-COR, Lincolnpidska USA). A C@cylinder was
used to supply CO(400 pL LY in CO, injection system during the measurement, and
light source (6400-02 LED) was used to supply 16l m?s® of photosynthetically
active radiation (PAR). The temperature of the laafette chamber was set depending
upon the growth chamber temperature. The measutemaasrepeated weekly, beginning

20 days after emergence (six times).
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A polynomial model was used to estimate the effecttreatments on the
relationship of grain yield to biomass yield, tHteet of treatment o\, and the response

of AtogwsandGC; ;

Y=y0 + ax + bx

Raw data we analyzed with PROC MIXED and PROC REPHA statistical
procedures of SAS statistical software program (SA8. Least squares means and tests
of effect slices of treatment were used for megasions at 5% level of significance

probability. Linear contrast of treatments was afsasured for biomass and grain yields.
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Table 1.1. Total amount of water (ml) added to gaathof teff plant based on field capacity, watgninterval, temperature and day

length. The pots were watered between 9 and 10a&&Mgrowing seasons 2011 and 2012 at the contr@rawrpnt.

Treatment

Growing season 2011

Growing season 2012

Day length (light/ dark) hours

Day length (lightdr#) hours

14/10 hours

16/8 hours

14/10 hours

16/8 hours

24/19C 27/16C 30/24C

24/19C 27/16C 30/24C

24/19C 27/16C 30/24C

24/19C 27/16C 30/24C

3 Days
25%FC| 3092 3123 3241 3196 3102 3349 3002 3100 3201 3106129 3 3334
50%FC| 6142 6146 6369 6246 6289 6410 6049 6112 6263 6156219 6 6400
75%FC| 9170 9171 9493 9299 9356 9499 9095 9201 9339 9108350 9 9402
100%FC| 12348 12368 12685 12488 12591 12699 12151 12212 0012412488 12570 12592
5 Days
25%FC| 2255 2240 2385 2242 2292 2344 2342 2349 2398 2392392 2 2416
S50%FC| 4493 4485 4562 4500 4509 4579 4500 4499 4527 4594509 4 4629
75%FC| 6599 6618 6794 6797 6730 679Y 6528 6598 6690 6702613 6 6742
100%FC| 8986 8982 8984 8974 8999 9095 8809 8882 8914 89989158 9015
7 Days
25%FC| 1610 1609 1700 1675 1699 1710 1649 1669 1709 17757001 1787
S0%FC| 3247 3279 3303 3290 3316 3405 3240 3279 3310 3391324 3 3435
75%FC| 4848 4863 4902 4899 4525 4988 4852 4897 4900 4912937 4 4518
100%FC| 6495 6495 6601 6500 6545 6698 6401 6485 6521 65815556 6607

12



RESULTS

Morphological Variables

None of watering regimes evaluated affected numifeseedlings (Table 1.2).
Number of tillers per plant was significantly affed by the combination of Field capacity
and watering interval treatments (Figure 1.1 anbldh3) at P<0.05). Combination of water
quantity (%field capacity) with watering intervaadh no significant effect on tiller number at
24/19°C at either measurement time (4-5 and 11-#2ke). A similar effect was also
observed with the 27/16°C temperature regimen eatillering stage (4-5 weeks). However,
at 27/16°C, a significant effect was recorded wtitb combination of water quantity (FC
and FGgpg) with watering interval at harvesting (11-12 weelsder the effect of day length
(SD). Thus, tillers per plant decreased (3.6) ef¢bmbination of Fg+ 17 compared with 5
and 4.8 tillers per plant of F€ + I3 and FGs + 15 days, respectively. Also, at the
combination of FGy + I5 and FGy + |7 treatments, tillers number per plant werend 8,
respectively compared with 5.4 tillers per planttbé combination F{ + I3 day of
watering interval. The same results were also obthat 30/24°C at tillering and harvesting
stages. The number of tiller per plant was deceasthe combination Fg + 13 and FGs +
I7 treatments (2.8 and 2.8 tillers per plant) coragato FGs + I5 treatment (4 tillers per
plant) at LD setting. Also, tiller number decreasédhe combination F{go + 15 and FGoo +
I7 treatments (2.7 and 2.8 tillers per plant) coragawith a 3.3 tillers per plant at g+ 13
treatment. In general, tiller number per plant dased with decreasing soil moisture level,
and it was affected by temperatures more than eiagtth in which tiller number decreased

with increasing temperature.
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Table 1.2. Statistical analysis (PROC MIXED witlpeated measurement) of teff seedling
numbers per pot as affected by the combinationachdield capacity (%) with watering
intervals (day) treatments under the effect of ¢bmbination of temperature (°C) with day

length (hour) treatments in growth chamber stuohe€)11 and 2012

Day Length (14/10 hours) light/dark

Temperature Temperature Temperature
Effect Num DF (24/19°C) (27/16°C) (30/24°C)
FValue Pr>F| FValue Pr>fF FValue Pr>F
FC% 3 1.35 0.27 1.45 0.24 0.36 0.78
25 2 0.23 0.80 0.53 0.59 0.44 0.65
50 2 1.60 0.21 1.56 0.22 0.28 0.76
75 2 0.66 0.52 1.21 0.31 0.35 0.71
100 2 0.04 0.96 0.10 0.91 1.63 0.20
Widays 2 0.79 0.46 0.76 0.48 1.40 0.26
3 3 0.55 0.65 0.55 0.6% 0.16 0.92
5 3 0.29 0.83 1.16 0.34 0.53 0.66
7 ‘ 3 1.67 0.18 1.51 0.22 0.53 0.66
FC*Wldays 6 0.58 0.75 0.88 0.5] 0.43 0.85
Day Length (16/8 hours) light/dark
Temperature Temperature Temperature
Effect Num DF (24/19°C) (27/16°C) (30/24°C)
F Value Pr>F F Value Pr>k F Value Pr>F
FC% 3 1.75 0.17 1.54 0.21 0.48 0.70
25 2 0.14 0.87 0.62 0.54 0.86 0.43
50 2 2.43 0.10 0.75 0.4 0.6 0.55
75 2 1.41 0.25 0.19 0.8 0.15 0.86
100 2 3.04 0.06 0.89 0.4 0.50 0.61
Wildays 2 0.85 0.43 1.36 0.2 0.09 0.92
3 3 1.32 0.28 0.24 0.8 0.51 0.67
5 3 3.92 0.01 0.68 0.5 0.42 0.74
7 3 0.62 0.61 1.35 0.2 0.90 0.45
FC*WIdays 6 2.06 0.07 0.36 0.9 0.68 0.67

t FC%= Field capacity (%).
T Widays= Watering intervals (day).
8§ FC*WIdays= Interaction of field capacity and watg interval.
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Tiller number aharvestin (11-12 weeks  Tiller number aharvestini (11-12 weeks

(24/19C) (24/19C)
6.0
m 3 watering interval (day)
5.0 - m5 watering interval (day)

=7 watering interval (dgy)

25% 50% 75% 100% 25% 50% 75% 100% 25% 50% 75% 100% 25% 50% 75% 100%

(27/16C)
- . (27/16C)
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ko
=

25% 50% 75% 100% 25% 50% 75% 1009 25% 50% 75% 100% 25% 50% 75% 100%

6.C 4
(30/24C) (30/24C)

14/10 hours 16/8 hours 14/10 hours 16/8 hours
Day Length (light/dark) and Field capacity (%) Day Length (light/dark) and field Capacity (%)

Figure 1.1. Teff tillers number per plant at 4-5eke and at 11-12 weeks after emergence as
affected by the combination of field capacity (Yothwwatering intervals (day) treatments.
Each combination of field capacity with wateringeirval treatments compared individually
and bars with the same letter are not statisticdififerent atp< 0.05 level of least square
means.
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Table 1.3. Statistical analysis (PROC MIXED witlpeated measurement) of teff tillers
number per plant as affected by the combinatioeawh field capacity (%) with watering
intervals (day) treatments under the effect of ¢bmbination of temperature (°C) with day

length (hours) treatments in growth chamber stuidi911 and 2012.

Day Length (14/10 hours) light/dark

Num Temperature Temperature Temperature
Effect DE (24/19°C) (27/16°C) (30/24°C)
FValue Pr>F| FValue Pr>H FValue Pr>F

Date 1 15.29  0.0002 56.01 <.0001 9.96 0.002
FC% 3 4.21 0.007 5.49 0.002 2.74 0.047

+Date 3 0.35 0.784 3.54 0.017 2.23 0.089
Widays’ 2 0.23 0.792 7.34 0.001 2.34 0.101

+Date 2 2.06 0.137 3.15 0.047 1.76 0.177
FC*WIdays 6 0.67 0.677 0.54 0.777 0.5 0.807
DATE*FC*WIdays’ 6 0.32 0.926 1.42 0.213 0.57 0.751

Day Length (16/8 hours) light/dark
Num Temperature Temperature Temperature
Effect DE (24/19°C) (27/16°C) (30/24°C)
FValue Pr>F| FValue Pr>H FValue Pr>F

Date 1 21.45 <0001 15.03 0.00p2 4.88 0.03
FC% 3 11.09 <.0001 3.71 0.01 3.12 0.03

+Date 3 0.57 0.64 0.39 0.76 0.23 0.88
Widays 2 3.93 0.02 3.5 0.03 1.38 0.26

+Date 2 2.13 0.12 2.67 0.0Y 1.09 0.34
FC*WIldays 6 0.69 0.66 0.42 0.86 1.31 0.26
DATE*FC*WIdays 6 1.59 0.16 0.28 0.95 0.78 0.59

tDate Time to measure the Tiller Number per plgeitef and harvesting stages).

1 FC%= Field capacity (%).

8§ Wldays= Watering intervals (day).
1 FC*WIdays= Interaction of field capacity and watg interval.
# Date*FC*WIdays= Interaction of date, field capga@ind watering interval.

16



Teff plant height (cm) was significantly affectde<Q.05) by the combination of field
capacity and watering interval (Tables 1.4 and.1P¥nt height at 4 weeks was affected by
the combination of water quantity (% field capakityith watering interval affected
regardless of temperatures at the SD (14/10 haghgdark). At LD (16/8 hours light/dark),
however, the combination of FC+ 13 treatment grew to 63 cm height as compared3to

and 49 cm height for the combination of 5& 15 and FGs + |7 treatments.

At eight weeks, the combination of water quantityhwvatering interval significantly
affected plant height. Differences among the treatis for plant height were more common
at LD compared with short day length (14/10 houF$le greatest difference for plant height
were associated with the combination ofz£@nd FGo + 13 and FGs and FGy + 17
treatments were 19 and 18 cm, respectively comp&wed2 and 7 cm height of the
combination of FGs and FGqo + 13 and FGs and FGqo + 17 treatments under the effect of

LD (16/8 hours) and temperature 27/16°C.

The same results were obtained of 11-12 week measunts of plant height, which
were affected by the combination of water quar(figld capacity) with watering interval. A
greater effect of treatments on plant height wasnded at day length 16/8 hours, and the
greatest difference of 30 cm was between the ccetibim of FGs + 13 and FGs + 17
treatments at the effect of temperature 24/19°Guvéder, plant height decreased under the
effect of low and high temperature (24/19° and 380 and increased at temperature

27/16°C. Also it increased with increasing timenater from 3 to 7 days.

Overall, plant height increased with increasingl seater availability and at day

length 16/8 hours (light/dark) and decreased withh@asing temperatures regimen.
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Table 1.4. Teff plant height (cm) at 4, 8 and 1Z2keeafter emergence as affected by the
combination of field capacity (%) with watering énvals treatments. Each combination of
field capacity with watering interval treatmentsrguared individually and treatments means
with the same letter are not statistically diffearatp< 0.05 level of least square means.

Day length (light/ dark) hours
Meacurement Field Watering DL (14/10) DL (16/8)
time capacity | interval Temp? Temp. Temp. | Temp. Temp. Temp.
% (day) 24/19°C 27/16°C 30/24°C| 24/19°C 27/16°C 30/24°C
cm cm

3 14 § 32a 26 a 40 a 24 a 33a

25 5 13 a 35a 27 a 37a 29 a 38 a

7 11a 32a 25a 29b 24 a 30a

3 17 a 38 a 35a 40 a 30 a 40 a

50 5 20a 38 a 27 a 38 a 33a 48 a

4 weeks from 7 16 a 37 a 25 a 42 a 24 a 40 a
emergence 3 19a 42 a 37a 63 a 29a 45 a
75 5 26 a 39a 35a 43 b 36a 43 a

7 19a 36 a 29 a 49 b 23 a 39a

3 22 a 41 a 3la 51 a 33a 24 Db

100 5 27 a 32a 35a 50a 30a 38a

7 22 a 30a 30a 52 a 3la 3la

3 30a 56 a 28 a 53 a 51a 34Db

25 5 25a 57 a 30a 52 a 53 a 43 a

7 18 b 55a 22 a 40b 39b 41 a

3 44 a 66 a 39a 61 a 62 a 50 a

50 5 35a 63 a 35a 65 a 54 ab 56 a

8 weeks from 7 25b 58 a 36 a 59a 44 b 48 a
emergence 3 44 a 75 a 49 a 78 a 67 a 59 a
75 5 43 a 72 a 35a 67b 66 a 54 a

7 38a 67 a 39a 65 b 48 b 56 a

3 43 a 8la 45 a 71 a 67 a 61l a
100 5 48 a 68 b 42 a 63 a 66 a 58 ab

7 40 a 68 b 34 a 71 a 60 a 52b

3 62 a 64 a 27 a 79 a 66 a 10 a

25 5 56 a 67 a 33a 67 a 68 a 18 a

7 43 b 62 a 27 a 49 b 59a 15a

3 80 a 79 a 41b 87 a 78 a 30a

50 5 66 b 76 a 51a 76 ab 72 a 30a

11‘%%[‘;"66“ 7 52c  72a  46abl] 69b  55b  18b
emergence 3 83a 90 a 65a 93 a 88 a 33a
75 5 78 a 81b 64 a 86 ab 80 ab 28 a

7 77 a 79b 58 a 82b 68 b 33a

3 84 a 96 a 8l a 92 a 89 a 32a

100 5 89 a 87 a 73 a 89 a 85a 3la

7 80 a 86 a 58 b 90 a 74 b 33a

tDL= day length (14/10 and 16/8 hours light/dark).

T Temp.= Temperature treatments.

§ Combination of each field capacity (%) with watderval (day) individually followed by the same
letter are not statistically different jpg 0.05 level of least square means.
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Table 1.5. Statistical analysis (PROC MIXED witlpeated measurement) of teff plant
height (cm) as affected by the combination of sl capacity (%) with watering intervals
(day) treatments under the effect of combinationteafiperature (°C) with day length (hour)

in growth chamber studies in 2011 and 2012.

Day Length (14/10 hours) light/dark

Num Temperature Temperature Temperature
Effect DE (24/19°C) (27/16°C) (30/24°C)
F Value Pr>F FValue Pr>F FValue Pr>F

Date 2 255.26 <.0001 275.16 <.0001 79.8 <.0001
FC 3 18.07 <.0001 12.02 <.0001 19.52 <.0001

+Date 6 1.94 0.079 4.12 9E-04 1091 <.0001
Widays’ 2 6.05 0.004 3.92 0.03 3.1 0.05

+Date 4 1.48 0.2 0.18 0.95 0.8 0.5
FC*WIdays 6 0.85 0.5 0.72 0.64 0.5 0.8
Date*FC*WIdays 12 0.29 1.0 0.12 1.00 1.2 0.3

Day Length (16/8 hours) light/dark
Num Temperature Temperature Temperature
Effect DE (24/19°C) (27/16°C) (30/24°C)
F Value Pr>F FValue Pr>F F Value Pr>F

Date 2 182.24 <.0001 3254 <.0001 17.36 <.0001
FC 3 26.38 <.0001 9.38 <.0001 3.94 0.01

+Date 6 0.79 0.6 1.9 0.09 0.79 0.58
Widays 2 8.37 0.001 13.02 <.0001 0.62 0.54

+Date 4 1.46 0.2 2.64 0.04 0.11 0.98
FC*WIldays 6 2.01 0.08 0.64 0.70 0.3 0.93
Date*FC*WIdays 12 0.7 0.8 0.41 0.96 0.15 1.00

tDate Time to measure the Tiller Number per plgeitef and harvesting stages).
1 FC%= Field capacity (%).

8§ Wldays= Watering intervals (day).

1 FC*WIdays= Interaction of field capacity and watg interval.

# Date*FC*WIdays= Interaction of date, field capga@ind watering interval.
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The combination of water quantity with wateringeintal affected leaf number per
plant (Tables 1.6 and 1.7). The effect of the coration of water quantity (field capacity)
with watering interval had no effect on leaf numla¢r3 weeks, especially at day length
(14/10 hours light/dark) over all temperatures levBlore significant impact on leaf number
was obtained from the effect of day length (16/&rsolight/dark) and the greatest leaf
number was 17 at the combination of;E€ 13 treatment at temperature (24/19°C). On the
other hand, opposite effect of the combination atex quantity with watering interval was
observed at 6 weeks compared to 3 weeks leaf numeasurements under the effect of day
lengths. At day length (14/10 hours), some of tieatments showed a significant effect on
leaf number, especially at the combinations of,&hd FGy with watering interval at
temperature treatments (24/19°C and 30/24°C, r&éspBg. In general, statistically most of
the combination of water quantity with wateringeintal had no effect in leaf number at day
length (14/10 hours light/dark), and leaf number@&ased with increasing the soil moisture
level. Some combinations (E£and FGp with watering interval) affected the leaf number a
day length (16/8 hours). Leaf number of the comimaof FGs + (I3, 15 and 17 days)
treatments was (11, 10 and 7 leaf/plant respegjial temperature (24/19°C) and was (10,
10 and 7 leaf/plant respectively) at temperatui@1@’C) in which leaf number decreased
with decreasing soil moisture level. In general nluenber of leaves ranged between 4 to 17
leaves per plant, and the effect of temperatures aoasistent in leaf number compared to
the effect of soil moisture levels in which it deased leaf number at low level of soil

moisture and increased leaf number at high levebdfmoisture.
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Table 1.6. Leaf number per teff plant at 3, 6 arlDAveeks after emergence as affected by
the combination of field capacity treatments (%}jhwivatering intervals treatments. Each
combination of field capacity with watering intehaeatments compared individually and
treatments means with the same letter are nosstally different atp< 0.05 level of least
square means.

Field Waterin Day length (light/ dark) hours
Measgrement Capacity Intervalg DL (14/10) DL (16/8)
time % (day) Temp? Temp. Temp. Temp. Temp. Temp.
24/19°C 27/16°C 30/24°C | 24/19°C 27/16°C 30/24°C
3 6a 8a 6a 10 a 7 ab 7a
25 5 5a 6a 6a 8a 8a 9a
7 4a 6 a 6 a 8 a 5b 9a
3 6a 7a 8a 8a 8a 12 a
50 5 6a 6a 7a 10a 7a 12 a
3 weeks from 7 5a 6a 6 a 10 a 3b 8b
emergence 3 5a 5b 8a 17 a 6 ab 11la
75 5 6 a 6 a 9a 9b 8a 11la
7 6 a 8a 7a 11b 5b 10 a
3 5a 6 a 7a 12 ab 6 a 3b
100 5 7 a 5a 8a 11b 6 a 10a
7 5a 4a 7a 15a 5a 8a
3 8a 7a 4a 7a 7a 5a
25 5 6 ab 7a 6 a 7 a 7a 7a
7 5b 6 a 4a 6 a 6 a 7 a
3 7 a 7a 5b 6 a 7 a 7 a
50 5 7 a 7a 7 ab 7a 6 a 7a
6 weeks from 7 6a 6a 8a 7 a 5a 7 a
emergence 3 7a 7a 7a 7a 7a 7a
75 5 8a 8a 7a 7a 7a 7a
7 7a 7a 7a 6a 6 a 7a
3 8a 7a 7a 6a 7a 7a
100 5 8a 6a 8a 7a 7a 7a
7 7a 7a 6 a 7a 7a 8a
3 9a 9a 9a 1la 10 a T
25 5 8a 9a 10 a 10 a 10a -
7 7 a 9a 8a 7hb 7hb -
3 8a 9a 9a 11a 10 a -
9-10 weeks 50 5 9a 8a 10 a 1l1a 11a -
rom o e ea | i ur
a a a a a -
emergence 75 5 9a 9a 8a 11a 10a ;
7 9a 8a 9a 11a 1l1a -
3 9a 10a 9a 1l1a 1l1a -
100 5 9a 9a 8a 11a 10 a -
7 9a 9a 9a 11a 10 a -

tDL= day length (14/10 and 16/8 hours light/dark).

T Temp. = Temperature treatments.

§ Combination of each field capacity (%) with watgerval (day) individually followed by the same
letter are not statistically different gt 0.05 level of least square means.
9 Data was not available (early reached the phygicél maturity because of high temperature).
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Table 1.7. Statistical analysis (PROC MIXED witlpeated measurement) of Leaf number

per teff plant as affected by the combination othedield capacity (%) with watering

intervals (day) treatments under the effect of coiaiion of temperature with day length in

growth chamber studies in 2011 and 2012.

Day Length (14/10 hours) light/dark

NUm Temperature Temperature Temperature
Effect DF (24/19°C) (27/16°C) (30/24°C)
F Value Pr>F F Value Pr>F F Value Pr>F
Daté 2 59  <.0001 25.36 <.0001 8.1 0.003
FC 3 5.0 0.004 0.7 0.6 8.2 0.001
+Date 6 0.6 0.8 15 0.2 1.0 0.5
Widays’ 2 4.7 0.01 1.2 0.3 1.9 0.2
+Date 4 1.0 0.4 0.4 0.8 0.3 0.9
FC*WIdays 6 1.2 0.3 0.7 0.7 1.2 0.3
Date*FC*WIdayd 12 0.3 1.0 0.5 0.9 0.7 0.7
Day Length (16/8 hours) light/dark
NUm Temperature Temperature Temperature
Effect DF (24/19°C) (27/16°C) (30/24°C)
F Value Pr>F F Value Pr>F F Value Pr>F
Date 2 37 <.0001 56.85 <.0001 121.46 <.0001
FC 3 6.2 0.0009 2.00 0.12 1.9 0.14
+Date 6 4.2 0.001 2.02 0.08 1.85 0.10
Widays 2 1.4 0.25 11.96 <.0001 1.16 0.32
+Date 4 3.4 0.01 2.10 0.09 0.69 0.60
FC*WIldays 6 2.5 0.03 1.83 0.11 0.87 0.52
Date*FC*WIdays 12 2.6 0.007 0.98 0.48 0.75 0.70

tDate Time to measure the Tiller Number per plgeitef and harvesting stages).

1 FC%= Field capacity (%).

8§ Wldays= Watering intervals (day).
1 FC*WIdays= Interaction of field capacity and watg interval.
# Date*FC*WIdays= Interaction of date, field capga@ind watering interval.
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The statistical Results of the combination of wajaantity with watering interval
(P<0.05) showed that there was a significant effecleai area per plant (Tables 1.8 and
1.9). At 4 weeks, all of water quantity (field capg) by watering interval combinations
treatments affected leaf area at both day lengths.greatest leaf area was (16°ciat the
combination of FGyo + I3 treatment at temperature (24/19°C) underdfiect of (14/10
hours) day length and it was also (16°¢iut at different combination of F€and FGoo
with watering interval at day length (16/8 hour$he same results of the effect of the
combination of water quantity (field capacity) withatering interval was obtained at 8 and
10 weeks measurements at both day length as wethaseffect of day length and
temperatures. The lowest leaf area (¥)owas obtained at different combinations treatments
of FCys and FGp with watering interval at either day lengths at wW8eks measurement.
Likewise, the greatest leaf area was (47°)cat the combination of FE + 13 days of
watering interval treatment at the effect of daygid (14/10 hours) and temperature
(24/19°C) at 10 weeks of measurement. However, dead per plant was highly related to
soil moisture, and it increased at high level af swisture (FGoo and FGs) and decreasing
at low level of soil moisture (Ff). Leaf area decreased with increased temperatutaya
length (14/10 hours), but slightly increased witisreasing temperature at day length (16/8

hours).
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Table 1.8. Leaf area (G)nper teff plant at 4, 8 and 10 weeks after emargers affected by
the interaction of field capacity (%) with wateriiigervals treatments. Each combination of
field capacity with watering interval treatmentsrgmared individually and treatments means
with the same letter are not statistically diffaratp< 0.05 level of least square means.

Day length (light/ dark) hours
Field | Watering DL (14/10) DL (16/8)
Measurement Capaci T
time pacity| Interval | Temp: Temp. Temp. | Temp. Temp. Temp.
% (day) 24/19°C 27/16°C 30/24°C| 24/19°C 27/16°C 30/24°C
cnt cnt
3 43 4a 2a 4b 6a 8a
25 5 5a 4 a 3a 12 a 5a 9a
7 7a 3a 3a 8a 2a 5a
3 5b 11a 3a 5a 10 a 11a
50 5 7 ab 4b 4a 8a 12 a 8a
4 weeks from 7 11 a 4b 8a 7 a 6 a 6 a
emergence 3 10 a 8a 5b 8a 10 a 16 a
75 5 4b 5a 4b 11a 7a 12 a
7 12 a 4a 10 a 8a 10a 8a
3 16 a 10a 6a 1l1a 15a 16 a
100 5 5c 6a 4a 16 a 11a 13 a
7 11b 5a 5a 12 a 10 a 11a
3 9a 25a . 25a 24 a -
25 5 9a 21 a 13 22 ab 27 a 12 a
7 10 a 24 a - 17b 26 a 12 a
3 19a 24 a - 23a 25a 7 ab
50 5 9b 21a 12 a 22 a 23 a 4b
8 weeks from 7 12b 22 a 15a 18 a 22 a 12 a
emergence 3 27 a 30a 6b 27 a 28 a 17 a
75 5 13c 26 a 8 ab 20b 26 ab 15a
7 19b 27 a 12a 20b 21b 13 a
3 16 a 33a 22 a 26 a 30a 16 a
100 5 9b 21b 16 b 25a 26 a 20 a
7 16 a 20b 3c 25a 27 a 14 a
3 14 a 20 a - 13 a 12 a -
25 5 13a 26 a 1 8a 11la -
7 15a 20 a - 7a 12 a -
3 30a 32a 2a 14 a 16 a -
50 5 14 b 29 a 4a 12a 13 a -
12r‘gvfnek5 7 19b  29a 2a 13a  12a ;
emergence 3 47 a 45 a 5a 23 a 22 a -
75 5 19¢c 43 a 7a 18 ab 19a -
7 28 Db 33b 3a 15b 17 a -
3 39a 43 a 6 ab 21 a 27 a -
100 5 20 b 45 a 8a 18 a 22 ab -
7 25b 39a 3b 17 a 19b -

TDL= day length (14/10 and 16/8 hours light/dark).

T Temp.= Temperature treatments.

§ Combination of each field capacity (%) with wateterval (day) individually followed by the sametter are not
statistically different ap< 0.05 level of least square means.

1 Data was not available (early reached the plggichl maturity because of high temperature).
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Table 1.9. Statistical analysis (PROC MIXED witlpeated measurement) of leaf area%jcm
per teff plant as affected by the combination othedield capacity (%) with watering

intervals (day) treatments under the effect of coiaiion of temperature with day length in

growth chamber studies in 2011 and 2012.

Day Length (14/10 hours) light/dark

Temperature Temperature Temperature
Num (24/19°C) (27/16°C) (30/24°C)
Effect DF | Fvalue Pr>F FValue Pr>F FValue Pr>F
Date 2 144 <0001 165.1 <.0001 13.46 0.0007
FC 3 22 <.0001 7.84 0.001 8.73 0.0008
+Date 6 7.4 <.0001 5.27 0.0005 1.2 0.33
Widays’ 2 32 <.0001 3.27 0.06 2.35 0.12
+Date 4 10 <.0001 1.19 0.33 3.45 0.02
FC*WIdays 6 4.4 0.004 0.4 0.87 5.07 0.003
Date*FC*WIdays 12 2.3 0.02 0.51 0.90 2.23 0.04
Day Length (16/8 hours) light/dark
Temperature Temperature Temperature
Num (24/19°C) (27/16°C) (30/24°C)
Effect DF | Fvalue Pr>F FValue Pr>F FValue Pr>F
Date 2 71 <.0001 193.8 <.0001 61.29 <.0001
FC 3 24 <.0001 13.1 <.0001 6.68 0.002
+Date 6 1.8 0.16 3.71 0.005 0.66 0.68
Widays 2 9.8 0.01 5.49 0.01 1.09 0.35
+Date 4 3.5 0.03 0.23 0.92 1.60 0.20
FC*WIldays 6 1 0.49 0.68 0.67 1.20 0.34
Date*FC*WIdays 12 0.3 0.97 0.88 0.57 0.43 0.94

tDate Time to measure the Tiller Number per plgeitef and harvesting stages).

1 FC%= Field capacity (%).
8§ Wldays= Watering intervals (day).

1 FC*WIdays= Interaction of field capacity and watg interval.
# Date*FC*WIdays= Interaction of date, field capga@ind watering interval.
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Biomass and grain yield

Biomass production (g pdt was significantly affected by the combinationvedter
quantity (field capacity) and watering interval endthe effect of the combination of

temperature with day length treatments (Figureab@ Table 1.10).

At temperature 24/19°C, biomass yield increasediedd capacity increased and
watering interval decreased at both day lengthsisTi3 and 15 days of watering interval
yielded the greatest biomass production compareld ways watering interval. Likewise,
biomass yield was greater at fs6and FGs than biomass yield at Eg€and FGs. Biomass
production was significantly affected by the conation of field capacity with watering
interval at day length 16/8 hours compared with @angth 14/10 hours. Thus, the greatest
biomass yield was (18 and 17 g/pot) at the comiminadf FGs and FGoo with 13 and 15
days of watering interval treatment, respectivélytemperature 27/16°C, opposite effect of
24/19°C, biomass vyield at day length 16/8 hours a®r than for day length 14/10 hours.
Furthermore, biomass yield increased with increpgiater quantity (field capacity) and with
decreasing watering interval time, thus, the comtidm of FGoo and FGs + I3 days
produced the greatest yield (27 & 23 g/pot at 14dQrs and 13 & 11 g/pot at 16/8 hours

respectively).

The same result of 24/19°C was obtained at 30/24A@,biomass yield at day length
16/8 hours was greater than biomass yield at daythel4/10 hours. Likewise, biomass yield
increased at the combination of foic+ 13 days of watering interval treatment at 16/l a
14/10 hours (17 and 14 g/pot). Thus, biomass ptemtutypically increased with increasing

field capacity (FGoo and FGs) at I3 and 15 treatments at either day lengths.
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Figure 1.2. Biomass yield (g pYtof teff plant as affected by the combination atle field
capacity treatments (%) with watering intervalsy|d@eatments. Each combination of field
capacity with watering interval treatments compaidividually and bars with the same
letter are not statistically different et 0.05 level of least square means.
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Table 1.10. Statistical analysis (PROC MIXED wittpeated measurement) of Biomass
yield (g pot') of teff plant as affected by the combination etle field capacity (%) with

watering intervals (day) treatments under the éftécombination of temperature with day

length in growth chamber studies in 2011 and 2012.

Day Length (14/10

hours) light/dark

Temperature Temperature Temperature
Num (24/19°C) (27/16°C) (30/24°C)
Effect DF F Value Pr>F F Value Pr>F F Value Pr>F
FC' 3 1.20 0.351 9.87 0.002 6.85 0.007
+25 2 1.06 0.378 0.68 0.528 0.54 0.600
+50 2 0.50 0.619 4.62 0.035 0.32 0.734
+75 2 6.02 0.015 6.08 0.017 0.47 0.639
+100 2 0.59 0.568 16.31 0.001 9.54 0.004
Widays 2 4.88 0.028 22.09 0.00( 3.18 0.081
+3 3 0.57 0.647 9.95 0.002 7.03 0.007
+5 3 0.23 0.874 3.36 0.059 1.77 0.210
+7 3 2.60 0.100 0.29 0.832 3.16 0.068
FC*WIldays 6 1.10 0.417 1.87 0.175 2.56 0.084
Day Length (16/8 hours) light/dark
Temperature Temperature Temperature
Num (24/19°C) (27/16°C) (30/24°C)
Effect DF | F Value Pr>F F Value Pr>F| F Value Pr>F
FC 3 34.1 <.0001 15.15 <.0001 11.0 <.0001
+25 2 4.24 0.023 0.72 0.496 4.0 0.029
+50 2 4.89 0.013B 1.35 0.2792 5.3 0.0105
+75 2 20.8 <.0001L 7.65 0.002 17.7 <.0001
+100 2 12.5 <.0001L 15.29 <.0001 22.1 0081
Widays 2 37.1 <.0001 17.17 <.0001 42.6 <.0001
+3 3 17.4 <.0001L 15.73 <.00p1 11.9 0061
+5 3 14.7 <.0001L 3.66 0.032 2.6 0.069
+7 3 5.61 0.003p 0.97 0.417 0.8 0.491
FC*WIdays 6 1.79 0.1326 2.61 0.03p 2.2 0.073

T FC%= Field capacity (%).
T Widays= Watering intervals (day).
8§ FC*WIdays= Interaction of field capacity and watg interval.
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The results of grain yield (g pdt showed that the combinations of water quantity
with watering interval significantly were affectélde grain yield at either day length at all
temperatures (Figure 1.3 and Table 1.11). In géngrain yield at 24/19°C was constant
under both day lengths, and it increased with emireg soil moisture (field capacity) and
decreased watering interval necessary to sustaduption. Thus the highest yield was
obtained at the combination of g+ 13 days water interval compared to JGvhich had
the lowest grain yield at both day lengtks1(1 g pot). On the other hand, grain yield was
more affected by the combinations of water treatsyah 27/16°C compared with 24/19°C.
However, grain yield decreased dramatically witlarading photoperiod to 16/8 hours and
increased as water quantity exceededoFI3 days of watering interval treatment was more
efficient in grain yield, and the greatest yieldswa3.8 and 3.5 g pd) at the combination of
FCrsand FGoo + I3 treatments, respectively. At 30/24°C, graield highly decreased and

the greatest yield was(.5 g pot).
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35 m 3 watering interval(days)
3 | m 5 watering interval (days)

- =7 watering interval (days)
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Figure 1.3. Grain vield (g po} of teff plant as affected by the combination atle field
capacity (%) with watering intervals (day) treatiserEach combination of field capacity
with watering interval treatments compared indialipyand bars with the same letter are not
statistically different ap< 0.05 level of least square means.
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Table 1.11. Statistical analysis (PROC MIXED wiédpeated measurement) of grain yield (g
pot!) of teff plant as affected by the combination atle field capacity (%) with watering
intervals (day) treatments under the effect of coiaiion of temperature with day length in

growth chamber studies in 2011 and 2012.

Day Length (14/10

hours) light/dark

Temperature Temperature Temperature
Num (24/19°C) (27/16°C) (30/24°C)
Effect DF F Value Pr>F F Value Pr>F F Value Pr>F
FC' 3 3.28 0.059 17.79 0.000p 0.82 0.51
+25 2 0.36 0.708 0.26 0.778 1. -
+50 2 1.55 0.252 1.18 0.344 - -
+75 2 5.09 0.025 26.54 <.0001 0.57 0.58
+100 2 2.54 0.12 22.9 0.0001 3.69 0.06
Widays 2 6.35 0.013 32.57 <.00011 1.79 0.21
+3 3 3.29 0.058 25.89 <.0001 2.47 0.12
+5 3 0.6 0.624 3.29 0.06p - -
+7 3 1.5 0.264 0.81 0.51 - -
FC*Wldays 6 1.06 0.435 6.10 0.005 0.82 0.57
Day Length (16/8 hours) light/dark
Temperature Temperature Temperature
Num (24/19°C) (27/16°C) (30/24°C)
Effect DF F Value Pr>F F Value Pr>F F Value Pr>F
FC 3 24.38 <.0001 6.08 0.002 411 0.01
+25 2 0.23 0.7927 0.02 0.976 0.12 0.89
+50 2 1.21 0.3122 2.52 0.096 1.43 0.25
+75 2 4.57 0.0178 0.34 0.717 - -
+100 2 24.41 <.000L 3.58 0.039 0.26 0.77
Wildays 2 17.87 <.0001 4.31 0.02p 3.75 0.03
+3 3 25.25 <.0001L 5.2 0.005 1.41 0.26
+5 3 5.15 0.005 0.89 0.457 - -
+7 3 2.34 0.091 1.43 0.253 0.3 0.82
FC*WIdays 6 4.18 0.003 0.72 0.63 1.69 0.15

t FC%= Field capacity (%).

T Widays= Watering intervals (day).

8 FC*WIdays= Interaction of field capacity and watg interval.
1 - = Data not available.
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The results of linear contrasts of biomass andngyalds to treatments support the

previous finding of this study (Tables 1.12 and3).1

Biomass yield and showed that there was a sigmifiteend with treatments. At
temperature 24/19°C, a significa<Q.05) linear contrast of biomass yield to wateeinal
was reported at Fg FGso, FCrs and FGgo at LD day length, and a linear contrasts to field
capacity was also significant at 13, I5 and 17 #her day lengths. The results of linear
contrast of watering interval and field capacity2at16°C showed a significant effect of
treatments in biomass yield at both day lengths,dmly the linear contrast of watering
interval at FC25 at day length (LD) hours was righificant. At temperature 30/24°C, all
the linear contrast of treatments watering intearal field capacity had a significant effect in
biomass production at either day lengths. Alsomaiss yield decreased by the combinations

of field capacity with watering interval at LD cormed with other day length (Figure 1.4).

Linear contrasts of grain yield of water intervadawater quantity (Tables 1.12 and
1.13) showed a negative significant response dhgrald to treatment combinations. Most
of the linear contrasts of water interval were gigant at 24/19°C and 27/16°C at both day
lengths as well as linear contrasts of field capatikewise, none of treatments of watering
interval and field capacity at 30/24°C showed aidicant linear contrast in grain yield at
either day lengths. Furthermore, results (Figudg $¢howed that the response of grain yield
to the combinations of water quantity with waterinterval at LD was significan®= 0.58)
under all temperatures and was highly signific&it(0.87) at SD. Day length 16/8 hours
had a negative effect on increasing in grain prtdoccompared with day length 14/10

hours.
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Table 1.12.Linear contrast of biomass and graitd\ig pot’) of teff plant as affected by

watering interval of the treatments of the comborabf day lengths with temperatures.

Day Length 14/10 Day Length 16/8
hours (light/dark) hours (light/dark)
Yield factor | Temperaturg Li c
(g/pot) Treatments Inear Contrast . . . .
Field Capacity (%) Field Capacity (%)
25 50 75 100f 25 50 75 100
24/19°C Watering Interval ™ NS NS NS | * * *
Biomass
Yield 27/16°C Watering Interva * ook % * NS * * *
30/24°C Watering Interval NS *  * * ook % *
24/19°C Watering Interval * * NS  * NS * % **
Grain Yield 27/16°C Watering Interval * NS * * INS NS * NS
30/24°C | Watering Interval - - NS NS | NS NS NS NS

TNS, *, and ** = Nonsignificant or significant ate 0.05, 0.01probability level respectively.
1 -= Data was not available.
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Table 1.13. Linear contrast of biomass and gragfoyig pot') of teff plant as affected by

field capacity of the treatments of the combinatibalay lengths with temperatures.

Day Length 14/10
hours (light/dark)

Day Length 16/8
hours (light/dark)

Yie(zlg%(e;gtor T_ﬁr;;;;g‘;utrse Linear Contrast| Watering Interval Watering Interval
(day) (days)
3 5 7 3 5 7
24/19°C Field capacity| ™  * * L ok
B:zr;gss 27/16°C Field capacity * * * o * b
30/24°C Field capacity * * o b * *
24/19°C Field capacity] NS NS * el * NS
Grain Yield | 27/16°C Field capacity| *  * NS| * * *
30/24°C Field capacity| NS *#- - NS NS *

TNS, *, and ** = Nonsignificant or significant die¢ 0.05, 0.01probability level respectively.

1- = Data was not available.
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y= 0.2489-0.1029 x + 0.0088 x
R’= 0.87,P<0.000, N= 36
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Grain yield (g pot)

Day length (16/8 hours)

y= 0.0567- 0.0036x + 0.0025x
R= 0.58,P<0.05, N= 36
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Biomass yield (g pot)
Figure 1.4. Relation of grain vyield (g pdtto biomass yield (g pd} of teff plant as affected
by the combination of watering quantity (field cajp@ with watering interval under the
effect of the combination of day lengths with temgteres. Each value is presented the mean
of three replicates of each interaction betweell foeapacity and watering interval at either

day lengths and temperatures.
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Teff Photosynthetic traits

Photosynthetic C@assimilation yieldA (umol CO, m? s?) and stomatal conductance
to water vapogs, (mol H,O m-2s") were affected by the combination of field capaeiith
watering interval at both day lengths and all terapges (Figure 1.5). The trend g, to A
rate showed thals, decreased with decreasiAgespecially with increasing time of watering
interval. Also, both were decreased with increasi@gperature and with changing day
length from 14/10 hours to 16/8 hours. Maximgg andA was € 0.4 and 16 mol A s?*
respectively) of the combination G+ 13 treatment of day length 14/10 hours and 24719
The response at 14/10 hours to the treatments uadratic &= 0.76, 0.45, 0.40) at 24/19,
27/16 and 30/24°C respectively and at 16/8 hours &= 0.90, 0.47 and 0.67) at the

temperatures respectively.

Combinations of water quantity with watering intalfv and combinations of
temperature and day length treatments were notlygledfected the intercellular GO
concentratiorCi (umol CQ, mol aif?), and the range o was (100 to 30@mol mol aifY).
Response to intercellular [CQ] C; was related to the influence of treatment<iand A,
especially at high temperatures and low water ecedFigure 1.6). The response was not
significant at P<0.4 andP<0.0001) and single linear regressi%« 0.18 and 0.28) at 24/19
and 27/16°C respectively at day length 14/10 hoOrsthe other hand,was significant at
(P<0.0001) with individual single regressioR*¢ 0.7, 0.76 and 0.55) at 30/24, 27/16 and

30/24°C respectively at both day lengths.
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Figure 1.5. Photosynthetic assimilation rAtand stomatal conductangg, of teff plant as

affected by the combinations of watering quantiigld capacity) with watering interval
under the effect of the combination of day lengthd temperatures. Each value is presented
five time readings over crop growth season of eamhbination between field capacity and

watering interval at both day lengths and tempeeatu
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Figure 1.6. Response teff photosynthetic assiritatateA to intercellular [CQ] C; of teff
plantas affected by the combinations of watering quar(field capacity) with watering
interval under the effect of the combination of daygths and temperatures. Each value is
presented five time readings over crop growth seadoeach combination between field

capacity and watering interval at both day lengihd temperatures.
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DISCUSSION

The combination of field capacity with wateringantal under the combination of
temperature with day length showed that there vigisifieantly increased tiller number,
plant height, leaf number and leaf area. Howeves,itnpact of the combination treatments
was not consistent. The reason for this effeciller number, plant height and leaf number
might be due to the effect of temperature and wateilability. Water stress decreased the
growth and development of plant because of deargatsie level plant photosynthesis in
addition to physical causes especially stomatesecj@and leaf rolling that will be decreased
the water-gas exchange between plant and atmospPlare growth especially leaf growth
and elongation is highly related to temperature &af elongation rate of C4 plant is
correlated to temperature (13° and 36°C) (Ben-Hd@isand Tardieu, 1995). However, plant
vegetative growth is affected by the time of theishwwe and temperature stress effect in
early growth stages and/or late growth stages.réhelts of the current study agreed with
previous studies. Dejene (2009) mentioned that latasture deficit negatively affected teff
development, especially initiation of flag leaf aftmlvering. Escalada and Plucknett (1975)
found less sorghum tillering under of 23.9/15.54y/dight temperature and ten hours or less
day length, but also found it increased at the seamgerature by increasing the day length
to 14 hours light. Shiferaw et al. (2012) reportkdt there was highly significant effect of
environmental conditions (non water stress, wat@ss, and temperature stress) and highly
correlated with teff plant height in Ethiopia. Thesesults might due to the effect of
increasing the effect of temperature by increasdag length of photoperiod as well as
decreasing in amount of soil moisture. Teff is garesto day length and to moisture stress

and high temperature (Admas and Belay, 2011; Ketd®@v; Miller, 2010; Roseberg et al.,
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2005). Fahej (2012) reported that switchgrass gi@mght and tiller number decreased with

increasing moisture stress under green house comslit

Crop growth is sensitive to environmental condsicuch as temperature, light and
moisture. Water is important and essential for digfision and expansion. Both very low and
high temperature caused physiological injuries lEm{p Combination of temperature with
short and long photoperiod can be effect the mdéiabhcand growth of plants (Went, 1953,
Escalada and Plucknett, 1975). Biomass and graid ywas affected by the combination of
treatments. Day length might affect the floweringge then negatively affect grain yield.
Teff in this study responded to photoperiod moantth2 hours and that might be due to the
genotype that used in this studufck-E), but in general teff is sensitive to photoperaouti
that decreased the grain yield. The results ofgtudy concur with previous studies, that teff
showed flowered very well at 12 hours photoperio&ihiopia (Ketema, 1997; Miller, 2010;
Roseberg et al., 2005) and teff's flowers faileptoduce pollen grain at short daylength (8
hours light). The response of biomass and graintalukeought stress of this study agree with
Teferra et al., (2000) who found decreasing in lasesnand grain yield of teff under early and
terminal moisture stress as compared with well vegte Water stress from anthesis to
maturity is critical and affects the translocatiminphotosynthetic assimilation. This causes
grain yield decreases, especially with increaseptgature (Shpiler and Blum, 1991). Late
moisture stress affected teff flowering, paniclé&iation and early grain filling (Dejene,
2009). However, biomass yield was more efficienanthgrain yield at the highest
temperature, long photoperiod, and lowest levelmfisture due to these environmental
conditions might affect the flowering stage morarththe vegetative sages. Thus teff

produced lowest grain yield than biomass yield.
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Photosynthetic C@assimilationA (umol CGQ m? s') was highly related to water
treatments and affected by temperature and phatabeThus photosynthetic GO
assimilation decreased at high water and temperatoess. Temperature and moisture stress
decreased the net assimilation of teff, bahiagaask switchgrass (Dejene, 2009; Kakani et
al, 2008; Fahej, 2012). Likewise stomatal condumaio water vapor was slightly decreased
with increasing water and temperature stress. Keletdal. (1989) reported that stoamtal
conductance to water vapor and [{f@as slowly affected by temperature apgd increased
with increasing temperature from 18 to 48°C Kutincreased at very low and very high
temperature. Stomatal conductance was highly a&ffebly water stress at the time of teff
growth and switchgrass (Dejene, 2009; Fahej, 20@R)evel was constant at all the
treatments levels might due to bundle sheath ise@®&Q concentration inside plant cell in

turn to phase the effect of water and temperatuess

CONCLUSIONS

Even though the influence was not constant amoagirgatment combinations, this study
showed that environmental conditions had a sigmificeffect in teff growth and yield.

Environment had a slight influence on tiller numbper plant, and the greatest tiller number
was reported at the high level of soil moisture &s$ time to water as well as at optimal
temperature 27/16°C especially at day length I@&/gdark hours. Likewise, the same effect
was reported for plant height, and it increasedh witanging day length from 14/10 hours to
16/8 hours as well increased with increasing salstare and time to water. Furthermore,

leaf number per plant was significantly affectedtoy treatments. Also, Leaf area per plant
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was decreased with increasing temperature at thestosoil moisture F£& and least time of
I7 days watering interval. Effect of day lengthsleaf area was not constant and it increased
slightly at long day 16/8 hours. The economic yi@ibmass and grain g pdtwas highly
affected by the treatments, and biomass yield grdaan grain yield. Biomass yield was
significantly increased with increasing water qugnEC,oo and FGs + 13 treatments and
decreased with increasing temperature and dayHerngtgeneral, non orthogonal linear
contrasts showed a significant response of bioryiass to treatments combinations at either
day lengths. The same results were also reportegr&in yield, and the low grain yield was
reported at high temperature at both day lengthsddition, soil moisture treatments were
also impacted grain yield and there was almost a¢rlmw moisture. Photosynthetic @O
assimilation A, stomatal conductance to water vappe were highly related to the
combination of water treatments and slightly to penatures and day lengths. Intercellular
CO, concentrationCi was somewhat not affected significantly by theerattion of
treatment, especially at the temperature with @agth. Teff growth and yield was affected
by the high temperature and long day length withyv@&ver moisture deficit. Thus, its
response to these environmental conditions cansbd to improve and estimate teff grain

and biomass yield in simulation model.
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CHAPTER IlI

RESPONSE OF TEFF BIOMASS AND GRAIN YIELDSTO SOIL WATER

AVAILABILITY AND WATERING INTERVALS.

Abstract

Teff [Eragrostis tef (Zucc.) Trotter] is a cereal crop grown in som&tes in the
US as a forage crop and in some parts of Stateklah©@Oma. Field trials were established
at the Stillwater Agronomy Research Station to ustaed teff response to water deficit
stress and to typical Oklahoma summer temperatiirestments were three genotypes
(DZ-Cr-387, Quick-E and Tiffany), four soil moisture regimes (rainfed, water aldi
capacity (FC), 75% FC, and 50% FC), and two wagdentervals (7 and 14 days). Plots
were arranged in a split plot arrangement of a sarided complete block with two
replications in 2011 and three replications in 20dAole plot were teff genotypes, and
sub-plots were water treatments. Tiller numbernpleeight, and leaf area were highly
responsive to water treatmenf&= 0.94, R°=0.78, andR’=0.79 respectively. Tiller
number ranged 4.7, 3.4 and 2.5 tillers/ plant B£-Cr-387, Quick-E and Tiffany,
respectively. Leaf area was 677, 478 and 301 fomDZz-Cr-387, Quick-E andTiffany,

respectively. Biomass and grain yield increasetiiwitreasing water amount and ranged
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from 0.707 to 0.372 kg biomass?mand from 0.309 to 0.062 kg grairi“for 100% FC*
weekly water and rainfed respective@Quick-E produced the highest grain yield 0.234 kg
m. Water use efficiency (WUE) of biomass and gragnificantly responded to water
treatmentsR?=0.58 andR’=0.92, respectivelyQuick-E was highly tolerant to drought
and produced grain and biomass in the presenceoaflt. Teff might be adopted by
producers as forage under high water deficit aretl us produce grain with acceptable

amount of rain in Oklahoma.
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INTRODUCTION AND LITERATURE REVIEW

Teff [Eragrostis tef (Zucc.) Trotter] is a major cereal crop in Ethepand
represents approximately 25-30% of cereal prodngticEthiopia. It can be grown under
300 mm to 1000 mm of rainfall (Debelo, 1992; Adnaasl Belay, 2011). Temperature,
light, soil type, and soil moisture affecte tefbgith and yield, as any other crop. Teff is
grown in many countries around the world such adialnAustralia, New Zealand,
Argentina, Zimbabwe, Kenya, and Zaire. It was idtrced by Ethiopian immigrants to
California in 1962 (Tadesse, 1975). Approximateéd® 200 acres in the US in 2008-2009
were planted to teff as a summer forage crop, aittes mostly concentrated in the
Midwestern and Southeastern United States (Mil#l@d,0). The crop grows well in wide
ranges of ecologies and soil types but VeritsolshsasHeiden clay located in the SE
corner of Oklahoma an@sage clays in the NE corner have greatest potential for teff

(Keith Boevers and Jerry Chandler, personal comoation).

Diversification of crop enterprises is an effectistrategy for achieving
agricultural sustainability. Crop diversificatiorart increase crop production, helps to
build soil health, and minimize weed and pest pajohs by interfering with their life
cycle (Katema, 1997; Ghebrehiwot et al., 2008). v&ball, crop diversification increases

income per unit area and enhances the economygalfdommunities.

Teff gives reasonable yield when other cerealsdyieldepressed under low or
excess moisture conditions (Hunter et al., 200¢cotding to Belayneh (1986), teff in
Ethiopia produced 106% more vyield than wheat inewagged and unfertilized

conditions and 70% greater in fertilized and waigged conditions. Teff makes
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excellent quality hay and can be grown for graid &rage for horses, cattle and sheep
(Hunter et al., 2007; Nsahlai et al., 1998; Twidvelal., 2002). In fact, sheep and horse
preferentially feed on teff hay (Keith Boevers ankkrry Chandler, personal

communication).

Several preliminary experiments have been condugedr to the current
experiment in Central Oklahoma to evaluate suitghif teff as an alternative crop. Six
and ten varieties were evaluated in 2009 and 264<pectively, for forage and grain
production by Girma (2009), who determined the rgpriemperature determines the
establishment and growth of early-planted teff flmage/hay and grain. Some varieties
(Quick-E and DZ-01-99) performed well during the hot summer (Girma, ket 2012;
Reinert, 2012), and all varieties performed weleathe heat index dropped below 90.
Evertt et al. (2009) reported that temperaturershtlinfluence final plant population or
biomass production of teff. Optimal temperature feff was 26.7- 32.3°C, and teff
growth was very slow at 15.5- 23.4°C (Roseberd.ef@05). Teff germinated very well
at 15.5°C soil temperature with a frequent irrigatfor 2-3 weeks from planting until the

establishment of the root system (Davison et 1,12

Acceptable teff grain yield was obtained with a imam 432 mm of rain per
season in Ethiopia, and in general teff needsaat €10 mm of rain per season to achieve
the highest grain and forage yield (Hunter et 2007; Millar, 2010).In Ethiopia, teff
grain yield of different genotypes was decreasedeustress. Yield dDenkeye andDZ-
Cr-387 genotypes ranged from 55 to 100 & onder stress and yield Bibicunda and

DZ-01-974 genotypes ranged from 108 to 203 § umder non-stress condition (Shiferaw
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et al., 2012). Eckhoff et al., (1993) and Stallkmteet al., (1993) reported that teff grain
yield in Montana was (700 and 1400 kg'hainder drought and irrigation conditions
respectively. Shiferaw et al., (2012) reported toédl biomass yield oAddisie andDZ-
01-974 genotypes was 537 to 866 g*mespectively under stress compared with 737 to
1056 g n¥ for Rubicunda and DZ-01-974 genotypes under non-stress conditions. In
Oregon State, forage vyield of teff required at 1eE32-254 mm of irrigation water for
each cutting, and in Nevada and California the mimh amount of water was 610 mm
per season (Davison et al., 2011). Teff foragedyiel Montana was increased by 13.8
tons ha by irrigation compared with drought land, and gnain yield ranged from 0.2 to
1.5 ton h& under drought land conditions (Stallknecht et#993). Approximately 69 to
77% of teff grain yield is lost under drought cdrahs in Ethiopia (Takele, 1997, 2001).
Other studies have shown tiller number, shoot bgsnaoot number and weight and
grain yield to be significantly decreased at lovil smisture (Admas and Belay, 2011).
Shiferaw and Baker (1996a) reported that in Etlsiggdout 14% of teff grain yield was
lost to drought conditions. Effect of stress, esgbcwater stress in leaf stomata and
photosynthetic assimilation of teff was observedame studies in Ethiopia. Water stress
had more effect on stomatal conductance than onopiathetic rate (Shiferaw and
Baker, 1996b; Abuhay et al., 2001). Abuhay et(@001) reported that teff germination
increased with increasing soil moisture from 25%8%86 of field capacity. A study in
Japan showed that there were a significant effesbib water potential (-2.0 MPa) and
severe soil water stress in relative growth ragaf Wwater potential, and leaf rolling in all

teff genotypes (Degu et al., 2008).
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Producers are interested in growing teff for gramd hay in some parts of
Oklahoma and preliminary studies in Kingfisher, Hessey, Morrison, and Perry
clarified some of the challenges for teff productioa Oklahoma. High temperature, lack
of rainfall, and high humidity of Oklahoma weathar summer make it important to
study teff in this area to understand if teff wiloduce acceptable biomass and grain

yield. The objectives of this study were:

1- Evaluate the impact of soil moisture at differeetdl of soil field capacity at
watering intervals on the growth of teff as compat@ a non-irrigated treatment
(rainfall).

2- Determine the best time to estimate teff biomaskgrain yields by using NDVI
measurements.

3- Evaluate drought susceptibility index (DSI) and cilmtive stress relative index

(CSRI) of teff varieties.

MATERIALSAND METHODS

The field experiment was initiated at the Stillwadgronomy Research Station in
2011 and repeated in 2012. Treatments includect themotypes¥Z-Cr-387, Quick-E
andTiffany), four soil moisture regimes {rainfed, water atldi capacity (F&o), 75% of
FC (FGs), and 50% of FC (F&)} treatments and two watering intervals 7 days J1W
and 14 days (2W) treatments. Experimental desigs wplit plot arranged in a

randomized complete block design with two replmasiin 2011 and three replications in
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2012. Whole plots were teff genotypes and sub-pleése the interaction of field

capacity treatments with watering intervals. Pleésvas 1.53 m by 3.05 m within a 1.53
m alley between plots. Each plot was surroundeddiyberms to keep irrigation water
inside the plot (Figure 2.1.A). For the soil morstireatments, a 0.61 m by 0.31 m micro
plot with depth 0.304 m was set up to contain &tevater movement using custom

designed (13 mm thickness) iron sheet (Figure 2.1.B

Field capacity was determined using methods simidaAnderson and Ingram
(1993). Micro plots were covered by a plastic st{@et cm thickness) to protect the area
from rainfall (Figure 2.1.C). Teff was manually ptad as broadcast in 1 May 2011 and
26 May in 2012. Two teff varietieQuick-E andDZ-Cr-387' were used in 2011. In 2012
‘Quick-E andTiffany’ were used due to unavailability BiZ-Cr-387. Quick-E andDZ-
Cr-387 were harvested in 15 August and 2 September in.ZQitk-E andTiffany were
harvested in 15 September and 1 October in 2018:eldang was performed by using
sickle and electric clipper (AccuPower 100, Gardemadel 8805, 4-Inch). Crop and
weather related data were collected throughousthey period from the weather station

150 m away from the field (Table 2.1).

Each plot received 65 kg N'and 50 kg Fh™in the form of urea and triple
superphosphate. One-third of N was applied as larg-and the two third was applied

after the tillering stage and P was applied asptaat.

Crop related measurements included number ofdijper plant at tillering stages
(4-5 weeks from planting date), plant height (crharvesting, leaf area (énbefore

flowering stage by using LI-3000 leaf area metdr@QIOR, Lincoln, Nebraska USA), and
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total biomass and grain yields kg pef.Biomass and grain yield per micro plot was
measured and included with whole final plot resultee plot area was 4.7 “mAfter

harvesting teff was dried at 42°C for 7-10 daya ifiorced-air dryer and then weighted to
determine biomass yield. Dried teff was threshadgua custom made belt thresher, and
teff seeds were cleaned to determine the graim.ylbrmalized difference vegetative
index (NDVI) was measured 7 times throughout thewgng season by using green

seeker (Ukiah, CA, USA) fitted with hp iIPAQ (pocke€ 2003 prem).

Polynomial linear (equation 1) and quadratic (emuma®) models were used to

determine the relationship of grain and biomasklgiand treatment.

(Y=a+ax) 1

(Y=y0 + ax + bX) 2

A soil moisture tensiometer (2725 ARL12 JET FILLACUSA) was used to
measure soil water tension (water potential KP@ @&B0 m depth in each plot (Figure 2-
1-D) every week starting at watering interval miton (10 days from planting). The
amount of irrigation water (Table 2.2) was calcetaby using a portable soil moisture
meter (TDR 300, IL USA) fitted with a 20 cm probe determine volumetric water

content (VWC) in soil.

Drought susceptibility index (DSI) (Fischer and Meawy 1978) of teff varieties

was calculated using the following formula:
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Yc

DSI = { 1 - Yas }
Yac

where, Ys and Yc = biomass or grain yields of styget (rainfed plot) and non-stress

plot (watering plot) of given variety respectiveind Yas and Yac= average biomass or

grain yields of all varieties of stress plot anahfstress plot respectively.

A cumulative stress response index (CSRI) was alaglculated using the

following formula as described by (Dai et al., 1984ti et al., 2004):

TNs — TNc N PHs - PHc N LAs - LAc N YBs - YBc
TNc PHc LAC YBc

CSRI = x 100

YGs - YGc N EPSIlls — EPSIlc N EYQs - EYQc
YGc EPlic EYQc

where, TN= tillers number, PH= plant height, LA=aferea, YB= biomass vyield, YG=
grain yield, EPSII= efficiency of PSIl, EYQ= yielof quantum efficiencyc= control

treatment (water quantity treatments plot), gndtress treatment (rainfed plot).

Water use efficiency (WUE) of the teff crop wasoaéstablished as describe by

the equation of Viest (1962),

_ grain or biomass yield (kg)

WUE
water amount (mm)
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A chlorophyll fluorometer (OS1-FL, NH USA) was usdd measure the
physiological variables Fo; minimal fluorescencerbfisary unit), Fm= maximal
fluorescence (arbitrary unit), Fv= variable fluaresce, Fv/Fm= photosynthetical
efficiency of PSII, s= Fluorescence under steady state conditions fampitinit), Fms=
maximal fluorescence under steady state conditjartstrary unit), and yield= yield of

guantum efficiency (Fms/Fvs).
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Soil berm

Micro plot of iron sheet

Plastic Sheet

Tensiometer

Figure 2.1. Soil berm, iron sheet, plastic shead, $0il moisture tensiometer.
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Table 2.1. Average maximum and minimum (°C) air gerature and relative humidity

(%) and total rainfall (mm) from May to Septemb@Q11 and 2012 at Stillwater,

Oklahoma.
Temperature (°C) | Relative humidity (%) Total rainfall
Year Month P :
Max* Min. Ave.| Max. Min. Ave. (mm)
May 26 14 20 87 49 70 99.3
June 36 22 29 87 49 70 43.4
2011 July 40 25 32 71 23 45 18.5
August 39 23 31 79 25 49 38.1
Average a5 51 9g| 81 37 58 199.4
and total rain
May 29 16 23 87 38 62 28.4
June 32 19 26 87 40 62 54.9
July 38 23 31 72 24 46 1.8
2012 August 35 20 27 79 25 50 67.1
September 31 17 23 84 34 58 27.9
Average 33 19 26| 82 32 56 180.1
and total rain

t Source of datehftp://www.mesonet.org

http://www.mesonet.org/index.php/weather/daily deg&rieva).

T Max, Min, and Ave.= maximum, minimum and averaggpectively.
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Table 2.2. Total amount of water (Liter) added aaleplot of teff plant based on the
combination of field capacity and watering interaalStillwater, OK at growing seasons

2011 and 2012.

Growing season

Treatment 2011 2012
------------------- Liter plot --mmeeeeeeeeee -
1 weeks (1W)
FCuoo' 5878 6964
FCs 3654 4109
FCso 1999 2523
2 weeks (2W)
FCioo 7489 8234
FCrs 4013 5823
FCso 2370 3846

T 1W and 2W= Watering interval every 1 and 2 weeks.
¥ FC= Field capacity at 100%, 75%, and 50%.
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RESULTS
Morphological Variables

Analysis of variance (Table 2.3) showed that yeamd treatment had highly
significant effect P< 0.001) on tiller number per plant, plant heigtinj, and leaf area
(cn?). Tiller number and leaf area were significantlijfedent (P<0.01, andP<0.05

respectively) among varieties.

Tillers per plant increased with increasing watearmfity as well as with increased
frequency of watering, thus the greatest tiller bemwas (3.4 tillers plar}} at treatment
of the combination of FGy+ 1W. The lowest number of tillers was (2.4 titlglant’) at
the non-irrigated treatment. Tiller number decrdasgh decreased soil moisture thus
tiller number at F&y (4 tiller plant’) was higher than tiller number at z&nd FGo (3.5
and 3 tiller plant, respectively)DZ-Cr-387 had the highest number of tillers (4.7 tillers
plant?) compared tdTiffany (2.5 tillers planit). A highly significant linear contrast of
variety and treatment was obtained on tillers dantpwith high response of tillers to

treatments and varief§f=0.94; N=70; aP<0.001 respectively (Table 2.4).

Plant height was reduced by some treatmd9.001), and ranged from 62.9 to 81.5 cm
for non-irrigated and the combination &+ 1W treatment. Over all, the highest soil
moisture (FGog) had the greatest plant height 79 cm comparededotvest soil moisture
FCrzs and FGp (76 and 71 cm, respectively). Also, plant heightréased from (77 to 74
cm) with decreased the watering frequency from B/A2W. Although, the analysis of

variance showed no significant effect of variety glant height, a linear correlation
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response = 0.78; N=70; atP<0.01) of plant height to variety was observed (€abl

2.4).

The greatest leaf area was 618.6 fon the treatment of the combination of f&
+ 1W compared with 248.4 ¢nfor the non-irrigated treatment. Leaf area de@édsom
577 to 478 and 449 ¢nwith decreasing field capacity from kg to FGs and FGo,
respectively. Also, the largest leaf area was 584 at 1W compared to 479 émat 2W.
The lowest leaf area was (198.7 and 376.%)cof Quick-E and Tiffany variety,
respectively, compared witBZ-Cr-387 (677.6 cni). There was a significant linear
relation contrast of leaf area to treatments amietya(R°=0.79; N=70; at’<0.001 and
P>0.05), which means that leaf area was signifigaatiffected by treatments and

varieties.
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Table 2.3. Analysis of variance (PROC GLM) and nseaeparation for tillers per teff
plant at tillering stage (4-5 weeks from plantirage), teff plant height (cm) at harvesting
stags, and leaf area (Enof teff before flowering stage as affected byryeariety and

the combination of water quantity (field capacityith watering interval treatments at

Stillwater, OK, 2011-2012.

Tiller number/ Plant height

Source of Variation Leaf area (crf)

DF' plant (cm)
Replication (Year) 3 NS NS *
Year 1 *k*%k *k% *k%k
Variety 2 * NS *
Treatment 6 ol el rk
Variety X Treatment 12 NS NS NS
Treatment Treatment Means
Tiller number Plant height Leaf area
e cm----- Y —
1 week (1W)
FCioc' 434" 81.5a 618.6 a
FCis 3.7b 77.1ab 462.7 bc
FCso 3.1lc 71l4c 489.7 bc
2 weeks (2W)
FCioc 3.8b 76.0 bc 535.3 ab
FCis 34c 74.2 bc 493.9 bc
FCso 3.0c 71.3c 409.2 ¢
Non-irrigated 2.44d 62.9d 248.4 d
Duncan's multiple range 0.36 5.3 122.7
DZz-Cr-387 4.7 a 8l5a 677.6 a
Quick-E 3.4b 72.6 b 4789 b
Tiffany 25¢C 69.7 b 301.4c
Duncan's multiple range 0.25 NS 83.4

t DF= degree of freedom.

T * &, ** and NS= nonsegnificant and signifiodat 0.5, 0.01, and 0.001 respectively.

8 WI= watering interval every one and two weeks.

1 FC=field capacity at 100, 75, and 50%.

# Non-irrigated= rain treatment.

Tt Means followed by a common letter in a columm raot statistically different alpha =
0.05 using Duncan’s multiple range test.
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Table 2.4. Linear and quadratic contrast and respah NDVI, tillers number per plant
at tillering stage of teff plant, teff plant heigf@m) at harvesting stage, and leaf area
(cn?) of teff plant (before flowering stage) to varieyd the combination of water

qguantity (field capacity) with watering intervatatments, at Stillwater, Ok, 2011-2012.

Variable Factors

Contrast :
NDVI-1' NDVI-4 NDvi7 _Mer - Plant - Leaf
number height area

Linear
Variety skt *k ok ok ok *
Treatment — —_— — — — -
Quadratic
Variety NS NS * NS NS NS
Treatment * NS NS NS NS NS
R-Square 0.69 0.72 0.70 0.94 0.78 0.79
C.V. (%) 14.97 17.15 16.55 10.8 7.4 26.95
Number of

Observations 70 70 70 70 70 70

T NDVI= normalized difference vegetative index fatee weeks after planting (NDVI-1),
four weeks from emergence (NDVI-4), and floweritngge (NDVI-7).

¥ NS, *, ** and ***= nonsegnificant and significaat 0.5, 0.01, and 0.001 respectively.

§ C.V.= coefficient variance.
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Biomassand Grain Yield

Biomass yield was not affected by year, and theas wo difference among
varieties in biomass production. Treatments hagj@ifecant effect P<0.01) on biomass
yield (Table 2.5). Biomass productivity increasedhwncreasing the soil moisture, thus
the maximum and minimum yields were 0.707 and 0}&y2” at FGo + 1W and at
non-irrigated respectively. In general, the tremohiass yield increased with increasing
field capacity 0.501, 0.512 and 0.629 k¢ for FGso, FGs and FGog, respectively, and
increased with increasing frequency for wateringrival 0.604 and 0.490 kg mfor
watering weekly and every two weeks, respectivélysignificant linear relation of
biomass yield with treatmentB<0.001) and with varietie$?€0.05) was observed with a

significant correlation responsg?€ 49; N=70) (Table 2.5).

NDVI readings were analyzed statistically usingpstise regression procedure in
SAS to choose the NDVI measurement timing to esént@aomass yield. The early
reading of NDVI at four weeks from emergence (ND¥Iwas the best time to estimate
biomass vyield (Table 2.4). There was a significkimear correlation of variety and
treatment to NDVI-4 P>0.01 andP>0.001 respectively) with a significant single
responseRP= 0.72; N= 70). A significant linear and quadragsponse of biomass vyield
to treatments was reported, and water use effigiefidiomass (kg biomass hmm™)
was highly significant®<0.001) with a significant single regression resgo = 0.92,

N= 70) (Table 2.6).

Grain yield was significantly affected by year, iesy, treatment and combination

of variety with treatment (Table 2.5). Grain yiettecreased with decreasing field
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capacity, and the maximum and minimum grain yiels\0.309 and 0.062 kgat the
combination of FGyo + 1W and rainfed treatments, respectively. Trerddgmin
production increased with increasing field capabiyy31% and 50% at kg compared
to FGs and FGp, respectively. Also, grain yield increased by 26%1W watering
compared to 2W wateringQuick-E variety produced the highest yield (0.234 kg)m
compared wittDZ-Cr-387 (0.129 kg rif) andTiffany (0.081 kg rif). In general, average

grain yield of varieties was (0.148 kg?ncompared with biomass yield (0.531 kif)n

The best NDVI readings to estimate grain yield Wd3VI-1 (three weeks after
planting) and NDVI-7 (flowering stage). NDVI-1 hilyhlinear related to grain yield of
variety and treatmentP0.001 andP<0.01 respectively) with a significant single
regression responsB’€ 0.69, N= 70). Likewise, grain yield response tD\N-7 was a
significant linear and quadratic contrast at vgritd was linear at treatmen&+ 0.70,
N= 70; atP>0.01,P>0.001, and®>0.05, respectively) (Table 2.4). Grain yield resgped
linearly to variety and treatment with a signifitaingle contrastff= 92; N= 70; at
P<0.01), and WUE of grain yield was significant respe to water quantity (field

capacity) with watering interval treatmeni£58; N=70; aP<0.01) (Table 2.6).
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Table 2.5. Analysis of variance (PROC GLM) and safian means of biomass and grain
yields (kg n¥) of teff plant as affected by year, variety ané ttombination of water

guantity (field capacity) with watering intervatatments at Stillwater, Ok, 2011-2012.

Source of Variaton ~ DF Biomass yield kg Grain yield kg rif

Replication (Year) 3 NS i
Year 1 NS *
Variety 2 NS *hx
Treatment 6 *x ok
Variety X Treatment 12 NS NS
Treatment . T_r eatment Means —
Biomass yield Grain yield
_________________________ L ——
1 week (1Wj
FCuo0' 0.707 & 0.309 a
FCrs 0.564 b 0.211b
FCso 0.540 b 0.146 c
2 weeks (2W)
FCioo 0.550 b 0.222 b
FCrs 0.459 bc 0.153 ¢
FCso 0.462 bc 0.117 c
Non-irrigated 0.372c 0.062 d
Duncan's multiple range 0.144 0.039
DZ-Cr-387 0.534 a 0.129b
Quick-E 0.491 a 0.234 a
Tiffany 0.567 a 0.081c
Duncan's multiple range NS 0.027

t DF= degree of freedom.

T * &, ** and NS= nonsegnificant and signifiodat 0.5, 0.01, and 0.001 respectively.

8 WI= watering interval every one and two weeks.

1 FC=field capacity at 100, 75, and 50%.

# Non-irrigated= rain treatment.

1 Means followed by a common letter in a colummraot statistically different at alpha
= 0.05 using Duncan’s multiple range test.
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Table 2.6. Linear and quadratic contrast and respoh biomass and grain yields (kg m
%) of teff plant, and water use efficiency (kg planm) of teff plant to variety and the
combination of water quantity (field capacity) withiatering interval treatments at

Stillwater, Ok, 2011-2012.

Variable Factors

Contrast : — : -
Biomass Yield Grain Yield WUE of Graif WUE of biomass
Linear
Variety #f i NS NS
Treatment ok o ok Kk
Quadratic
Variety NS NS NS NS
Treatment NS * *x el
R-Square 0.49 0.92 0.58 0.92
C.V. (%) 29.2 22.1 331.1 92.4
obsorvaions T 70 70 70

T NS, *, ** and ***= nonsegnificant and significaat 0.5, 0.01, and 0.001 respectively.
¥ WUE= water use efficiency of grain and biomasdds.
8§ C.V= coefficient variance.
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Soil water potential (KPa) had a significant effentbiomass and grain yield, but
grain yield was more affected by the water amounsail than biomass yield (Figure
2.2). Response of biomass and grain yield to watezntial was polynomial (linear) and
there were significantly correlateB€ 0.95 and®’= 0.92, respectively). In general, soil
water potential more than -75 KPa had significdfeot to decreased the biomass and
grain yield of teff, thus, teff grew well with agumble biomass yield«(450 kg n¥) and
grain & 150 kg n¥) under soil water potential -75 KPa. With decregssoil water
potential less than (-75 KPa), biomass and gragtdyincreased significantly. However,
teff grew well under soil water potential rangednfr -25 Kpa to about -100 KPa (Figure

2.3) and produced acceptable biomass and graiad. yiel
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Figure 2.2. Trend of biomass and grain yields (§ of teff plant as affected by water
potential (KPa). Each point is the average of elek@adings of each combination of
water quantity (field capacity) with watering intaf during growth seasons at Stillwater,

Ok, 2011-2012.
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Figure 2.3. Soil water potential of water quantfigld capacity) at every one week and
two weeks watering interval over teff plant growiegasons at Stillwater, Ok, 2011-

2012.
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Photosynthesis and physiological resistancerelated traits

The analysis of variance showed that there wasigmificant difference among
varieties or between years on yield of quantuncigficy (Fms/Es), but water treatments

had a significant effecP& 0.05) on Fmshrs (Table 2.7).

Yield of quantum efficiency decreased with incraegsihe intervals between
irrigations and ranged from 0.513 to 0.498 for weednd every two weeks watering,
respectively. Likewise, the greatest yield of quamtefficiency was 0.522 at the
combination of FGyo + 1W treatment compared with the non-irrigatectireent 0.480
with a significant correlationRe= 0.36 atP<0.05). The same trend was observed in
photosynthetic efficiency of PSII, and it increaseith increasing water quantity (field
capacity) and ranged from 0.519 at the combinadioRC; oo + 1W and the combination
of FC;s + 1W treatments compared to 0.482 at non-irrigatedtment with positive

correlation respons&{= 0.35 atP<0.05).

Results of cumulative stress response index (CSRdjved that CSRI ranged -
269.3 to -146.6 at the combination of & 1W and at the combination of EC+ 2W
treatments. CSRI of teff varieties ranged from -886231.7 to -249.1 foQuick-E, DZ-
Cr-387 and Tiffany, respectively. However, CSRI increased with insiegq water
guantity and watering interval (Table 2.8). ThQsick-E was considered as tolerant
variety to water stress compared to other varietisl in general, teff is water stress

tolerant depending upon the results of currentystud
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Drought stress among varieties was evaluated wbimgght stress index (DSI) to
estimate performance of varieties under stressl¢Tal9). DSI of biomass production
was 0.6 to 0.9 for all varieties, aquiick-E had the greatest DSI which ranged from 0.6
to 0.9 compared to other varieties. Likewisgjick-E showed the best DSI of grain
which ranged from 0.3 to 0.6 compared widiz-Cr-387 ranged from 2.0 to 2.8 and

Tiffany ranged from 2.1 to 4.6.
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Table 2.7. Analysis of variance (PROC GLM) and safian means of yield of quantum
efficiency and photosynthetical efficiency of P8liteff plant as affected by year, variety
and the combination of water quantity (field capgcwith watering interval treatments

at Stillwater, Ok, 2011-2012.

DE Yield of quantum Photosynthetical efficiency

Source of Variation efficiency of PSIF
Replication( Year) 3 ok ek
Year 1 NS *
Variety 2 NS NS
Treatment 6 * *
Variety X Treatment 12 NS NS
Treatment Means
Treatment Yield of quantum Photosynthetical efficiency
efficiency of PSII
1 week (1W})
FCiol* 0.522 & 0.519 a
FCrs 0.513 ab 0.519a
FCso 0.506 ab 0.512 ab
2 weeks (2W)
FCioc 0.510 ab 0.492 bc
FCrs 0.496 bc 0.508 ab
FCsc 0.489 bc 0.488 bc
Non-irrigated’ 0.480 c 0.482c
Duncan's multiple rang 0.023 0.024
Dz-Cr-387 0.500 a 0.502 a
Quick-E 0.502 a 0.500 a
Tiffany 0.506 a 0.507 a
Duncan's multiple rang NS NS
R square 0.36 0.35
C.V.(%) 14.5 14.7

t DF= degree of freedom.
T * =, ** and NS= nonsegnificant and significaat 0.5, 0.01, and 0.001 respectively.

8§ PSII= photosystem 2.
1 WI= watering interval every one and two weeks.
# FC= field capacity at 100, 75, and 50%.

T1 Non-irrigated= rain treatment.
1+ Means followed by a common letter in a colume @aot statistically significant at
alpha = 0.05 using Duncan’s multiple range test.
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Table 2.8. Cumulative stress response index (C8RiINers number at tillering stage (4-5 weeksnfrplanting date), plant height at

harvesting stage, leaf area before the flowerimgest biomass and grain yield, yield of quantumcifficy, and photosynthetical

efficiency of PSII of teff plant under the effedttbe combination of water quantity (field capagityith watering interval treatments

and the effect of varieties at Stillwater, Ok, 2€P11 2.

Stress response index (SRI)

Treatment | Tiler  Plant Leaf Biomass Grain | Yield of quantum Photosynthetical CSRF
number height area yield yield efficiency efficiency of PSII
1 week WI
FCuoo  -44.2 -22.8 -59.8 -47.4 -79.9 -8.0 -7.1 -269.3
FCs -35.1 -18.4 -46.3 -34.0 -70.7 -6.4 -7.1 -218.2
FCo -22.6 -11.9 -49.3 -31.1 -57.5 -5.1 -5.9 -183.4
2 weeks WI
FCioo -36.8 -17.2 -53.6 -32.4 -72.1 -5.9 -2.0 -220.1
FCis -29.4 -15.2 -49.7 -19.0 -59.5 -3.2 -5.1 -181.1
FCso -20.0 -11.8 -39.3 -19.5 -47.0 -1.8 -1.2 -140.6
DZ-Cr-387 -32.1 -27.8 -39.1 -42.5 -82.1 -4.4 -3.7 23%.7
Quick-E -32.6 -15.6 -58.4 -39.2 -34.9 -3.2 -2.9 6183
Tiffany -37.0 9.1 -45.9 -81.1 -69.9 -3.6 -2.5 -249

T FGoo, FGrs and FGp = treatment at 100, 75 and 50% of field capacity.
¥ CSRI= Cumulative stress response index.
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Table 2.9. Drought susceptibility index (DSI) obbiass and grain yields of teff varieties
under the effect of the combination of water qusn(field capacity) with watering

interval at Stillwater, Ok, 2011-2012.

Quick-E DZ-Cr-387 Tiffany
Treatment | psi'of DSlof | DSlof DSlof | DSlof DSl of
biomass Grain | biomass Grain | biomass Grain
1 week (1W)

FCoo | 07 05 0.6 2.1 0.7 4.2
FCs| o7 05 0.7 2.1 0.6 2.1
FGso| 08 0.4 0.7 2.5 0.7 2.3

2 weeks (2W)
FCioo 0.9 0.4 0.7 24 0.7 4.6
FCs| o6 03 0.6 2.0 0.6 2.2
FCso| 08 06 0.7 2.8 0.6 2.6

t DSI = Drought susceptibility index
T FGoo FGis and FGo = treatment at 100, 75 and 50% of field capacity.
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DISCUSSION

The observation of effect of high temperature cedplvith low soil moisture
might affect seedling establishment at adequatestom@ (Girma and Ali, personal
observation). A preliminary study we conducted @1@ suggested that teff can thrive if
soil moisture is over 15% of water content (weightwater/weight of soil) at relative
humidity of 65% or lower. The effect of weather ddions might have a major role in
the results of this study. A dramatic increaseeimgerature and relative humidity from
May to August in both seasons combined with deer@gasotal amount of rainfall (Table
2.1) might be affected teff growth and its respottséhe combination of field capacity
with watering interval treatments. Thus, teff tifenumber, plant height and leaf area
decreased with decreasing soil water availabibtplant. In general, teff varieties grew
well and resulted in a good stand under low soilistaoe level. The results of
morphological variables of the current study agredti some previous observation and
studies about tefQuick-E andDZ-01-99 varieties grew well during the hot summer, and
growth of all varieties decreased with increasim@thindex above 90 (Girma, et al.,
2012; Reinert, 2012). Adams and Belay (2011) regabthat tillers number per plant of
teff decreased at low soil moisture, and Rosebery..e(2005) reported that the optimal
temperature for teff growth was 26.7- 32.3°C. Plagight of soybean was increased at
the adequate soil water by about 5-21 cm compaiddtive low or limiting soil water
(Doss et al., 1974). Teff can grow under drougldiiions, especially after establishing
very good root system, therefore; in this triaff kad a good growing season. Davision et
al., (2011) reported that teff root system wasldstlaed very well after 2-3 weeks from

planting with frequent water during this period.
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The results of biomass and grain yields of thial showed that both yields were
affected by the combination of field capacity wibatering interval treatment, and
biomass yield was higher under the low soil moestiman grain yield. Both biomass and
grain yields linearly related to the water treattsecombinations. The reason of the
difference response of biomass and grain yieldwdter treatments might due to the
effect of weather conditions (Table 2.1). At loweéé of soil moisture, grain yield was
more negatively affected than biomass yield and riight due to the effect of stress on
the flowering stages and failed to pollinate. Taff the flowering stage responded
negatively to day length, temperature, and wateouarh This has affected final grain
yield. Similar result was reported in the past @fef, 1997; Miller, 2010; Roseberg et
al., 2005, Shpiler and Blum, 1991). The responskiahass and grain to drought stress
in this study agreed with previous studies of téff.Ethiopia, Teferra et al., (2000) found
in Ethiopia that teff biomass and grain yields dased under the early and terminal
moisture stress compared with well watered. Thalte®f this study showed that there
was an effect of moisture on grain and biomasdgi@ls well as varieties. In contrast,
Shiferaw et al.(2012) found in Ethiopia that thelgiincreased of both genotypBZ-
01- 974 andDZ- Cr- 387 under moisture stress and non- stress conditianslontana,
teff grain yield increased from 700 to 1700 kg'hander drought and irrigation
treatment, respectively (Eckhoff et al., 1993; Rtecht et al., 1993). Biomass
production under the rainfed treatment was somewabeg¢ptable because teff can grow
and yield under drought conditions (Katema, 199iltel) 2010; Davison et al., 2011). In
contrast, vegetative growth is more sensitive ttewsatress than grain filling, especially

if the stress happened at vegetative stages (&eéerl., 2000). In the current study,
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grain yield decreased at high level of stress coethto biomass yield. The reasons for
the contrasting results between these two studigghtnbe due to the effect of
temperature and photoperiod besides the effect aitwstress on the flowering and

pollination.

Teff grain yield was highly related to NDVI for mneaements taken three weeks
after planting and at flowering stage, but biomaskl was more closely related to NDVI
measurements taken four weeks after emergencewisé&ewater use efficiency was also
highly related to water treatment combinations, WAdE was low for both biomass and
grain yield, especially in the well watered treattndn addition, the high temperature
might be increasing the transpiration of water (€aB.l). Teff, especially after
establishing a good root system, is consideredaoteto water stress (Katema, 1997,
Miller, 2010; Davison et al., 2011). The crop grewll under high soil water potential -

2.0 MPa (Degu et al., 2008).

Teff varieties in this study are considered toletarwater stress because they had
high level of PSII photochemical efficiency(F-,) and yield of quantum efficiency.
Munné- Bosch and Alegre (1999) reported that atptaoonsidered tolerant to particular
stress if it has high level of /F+,. These results showed that there was no cleatedffe
water stress treatments on photosynthetic traitause teff net photosynthesis was
tolerant to water stress (Shiferaw and Baker, 199@ihay et al., 2001). However, high
water deficit or high water stress affected phobtisgtic assimilation rate (Dejene, 2009)
as shown in the rainfed treatment in this studyaddition, teff is considered resistance to

water stress if the DSI is less than 1 unit andoissidered sensitive or susceptible to
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water deficits (Clarke et al., 1987). Consequerallyyarieties in this study were resistant
to water stress for producing biomass yi€ddick-E was highly resistant to drought to
produce grain yield compared withZ-Cr-387 and Tiffany which were susceptible to
drought. The results of current study agreed wittmAs and Belay (2011) who reported
that of 25 genotypes the studied, 17 were resistémavater stress because DSI ranged

from 0.5to 1, and 8.

CONCLUSIONS

In this study, teff growth was highly responsieedifferent levels of combination
of water quantity and watering intervals under dielonditions. Tiller number, plant
height, and leaf area significantly increased withreasing soil moisture or water
availability (R*= 0.94,R?*= 0.78 and?*= 0.79 respectively). Biomass and grain yield were
affected by water stress treatments and were higkted to soil water potential. In
general, teff resulted acceptable biomass underimigated treatment of 0.372 kg™m
compared to grain yield (0.257 kg3n especially under very low amount of rainfall in
both growing seasons. Teff varieties were iderttiti@ be drought tolerant; especially to
produce biomass, but onfquick-E and somewhddZ-Cr-387 were considered tolerant to
water deficit to produce grain yield. More agronomstudies are needed to get enough
information about teff response and grow under Bdaa weather condition to adopt it

as summer alternative crop.
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CHAPTER IV

RESPONSE OF WINTER WHEAT GROWTH, GRAIN YIELD, AND
PHOSPHORUS AND NITROGEN UPTAKE TO FOLIAR PHOSPHITE

FERTILIZATION

ABSTRACT

One of the major problems that potentially hindées use of foliar application as
a tool to improve nutrient use efficiency is thekaof formulations that can be easily
absorbed by cereal leaves. A phosphite based proNutri-phite was evaluated as an
alternative formulation for foliar application iratd red winter wheat in this study. Hard
red winter wheat field trials were established he fall of 2009 and 2010 at Perkins,
Perry, and Morrison, OK. Treatments encompassedytpécation of nitrogen (N) at 100
and 75% of crop need, and phosphorus at 100 and f0ficiency with and without
Nutri-phite. Nutri-phite was applied at two stagdsvinter wheat (GS 13 to 14) and (GS
49 to 53) at the rate of 4 L haNon-treated and standard practice treatments tneaeed
as control treatments, and seed treated was stud@@D9. Application of Nutri-phitat
both growth stages (2 app Nutr) with P100% sufficie and N100% of crop need

improved plant height (50 and 56 cm) at Perkins Bedy field 2 respectively. Grain

83



yield was slightly increased by Nutri-phite treatitge especially using Nutri-phite (2 app
Nutr) with N100% (1563, 1220, and 1718 kg'hat Perkins, Perry field 2, and Morrison
respectively. Grain yield was negatively affectgdtite combination of Nutri-phite with
P100% and was the same as non-treated effect. Tdtasphorus of grain was
significantly increased at Nutri-phite (2 app Nu@d565, 3625, and 2830 mg Kgat
Perkins 2009 & 2011 and Perry field 2 respectivélyuptake was increased by using
Nutri-phite (5.79 and 4 kg Ha at Perkins in both seasons. The application dfilnhite
with adequate N and P did , somewhat, slightlylteswield increases and quality when

compared with only Nutri-phite application.
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INTRODUCTION AND LITERATURE REVIEW

Since nutrient use efficiency of crops remains fowmajor cereals (33% for N
(Raun and Johnson, 1999), 15% for P (Sander etl@@0; 991), it is necessary to
investigate methods for improving nutrient use ogéincy of cereal crops. The cost
associated with traditionally-applied P fertilizenas also become an issue for many
producers, especially as phosphorus use efficigfftyE) is considered very poor
because of P behavior in soil. Millions of tonssofl P fertilizer are lost, thus Tillman et
al., (2001) predicted that P fertilizer use wiltiaase by 1.4 xs in 2020 and by 2.4 xs in
2050 as compared to current P use. Finding mettmdsduce the cost and loss of P

fertilizer are critical for wheafTtiticum aestivum L.) producers in Oklahoma.

Foliar fertilization of nutrients, especially P, major cereal crops has been
evaluated to improve nutrient use efficiency (Girgtaal., 2007; Mosali et al., 2006).
Applying foliar P fertilizer to coincide with cropeed to complete its metabolism is
important to complete the crop life cycle. One e potential hindrances for the use of
foliar application as a tool to improve nutrienteusfficiency is the lack of a good
formulation that can be easily absorbed by cereavds (Girma et al., 2007). Several
products including powdered forms of diammonium ggiate (DAP), triple
superphosphate (TSP), monoammonium phosphate (M&®), potassium phosphate
monobasic salt have been evaluated with limiteccesg (Walsh, unpublished data;
Torres, Unpublished data). Some of these produete wot small enough for entry
through the leaf while others, like potassium plmage monobasic, dried quickly

resulting in poor entry into the leaf.

85



Nutri-phite® is a fertilizer formulation designed to overcontelpems associated
with absorption of P through leaf tissue and tad¢hg improve nutrient use efficiency,
boost crop yield, and increase grain quality (Biegtestern, 2006). Nutri-phitecontains
phosphite (Pg) and a blend of organic acids (Biagro Western, Ia006) that stabilize
and safens the phosphite molecule that is takdnyupaves of plants. The compound is
designed to improve nutrient use efficiency by @ancluding major nutrients such as N
and P. The Nutri-phite compositions are 3-20-7 8rigl Mn-0.5 Zn. This product has
been used in many horticultural crops; howevehas not been tested in major cereals
like corn Zea mays L.) and wheat. Nutri-phite is proposed as an adteve formulation

for foliar application in wheat in this study.

The goal of most agricultural producers is to abtaptimal crop yields with
minimum input from fertilizers and to minimize neéiga environmental impacts of
agricultural operations (Morel and Fardeau, 199@plying fertilizer directly to the soil
surface is a popular method for supplying crop iants that are lacking, but surface
applied nutrients can be lost from the soil. In &idma, winter wheat is a primary

agricultural crop and requires many tons of nitrogad phosphorus.

Phosphorus is second only to nitrogen in importaagcan essential crop nutrient
It is critical for plant growth, especially in thearly jointing stages (between 6 and 9
Feekes), and for enhancing grain yield and yielthmponents (Romer and Schilling,
1986). Phosphorus has an important role througtieuplant growth cycle. It increases
and improves the development of roots and flowsrengthens stalk and stem, increases

seed yield, and ensures timely crop maturity (@hiff unpublished). Phosphorus is
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important in building energy for metabolism of glgmowth through cellular productions
such as ATP and ADP from the early stages to tldeoénhe plant’'s life. Phosphorus is
necessary for building coenzymes, phospholipidsclem acid, and nucleotide
components structures. Further, phosphorus is tapbin building the phosphorus bond
that helps link DNA and RNA. In addition, P candiered as polyphosphate and phytate
forms in plant vacuole tissue (Marschner, 1995p9phorus also enhances plant disease
resistance, crop quality, and legume N-fixation adfy, (Griffith, unpublished.;
Marschner, 1995). The amount of P in plant tisssi@ery small and the total phosphorus
is approximately 0.05% to 0.30% of the total dryigie of plant tissues (Vance, 2001).
The inorganic form of P is absorbed by plant rdodsn soil solutions; therefore, soil
should be fertilized continuously after each crogrviesting and before planting to

recover P again (Holford, 1997).

Several researchers have reported that there arg/ nsaues that affect P
availability to the plant when it is applied dirlgcin soil (Sander et al., 1990; 991,
Batten, 1992; Mosali et al., 2006, and Schachtmah ,e1998). In acidic soil, phosphorus
is fixed by AP*, F€*, and Md" at soil pH 6 to 6.5. But, in alkaline soil, P issacbed by
calcium carbonate and becomes unavailable to plamdasy et al., 1989). Moreover,
the recycling of P in soil is considered very slbacause it gets fixed and adsorbed in
soil particles. More than 80% of soil P is unavalgafor plant use (Batten, 1992; Mosali
et al., 2006). Movement of P through soil is veay Ibecause it moves only via diffusion
(Schachtman et al., 1998). Mosali et al. (2006)ntbuhat application of broadcast-

incorporated pre-plant fertilizer at 11 to 22 k& was required for cereal production in
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Oklahoma. Romer and Schilling (1986) reported thald of winter and spring wheat

was affected by the time application of foliar Pofim, especially at 6 to 9 Feekes).

In phosphorus-deficient soils, surface-applied Rdseto be applied in large
guantities which can increase PUE. Foliar phosphaonay assist in increasing PUE
while still correcting P deficiency. The time ancktimod of foliar P fertilizer application
are critical factors for increasing wheat grainlgieMcBeath et al., (2011) reported that
foliar P fertilizer increased grain yield, grainuptake, and the transfer of P to grain.
Sherchand and Paulsen (1985) examined four soofdesiar P fertilizer applied at the
flowering stage of winter wheat and found that gin@in yield was increased by foliar P
fertilizer with the exception of phytic acid. Shogitowth, leaf area, and chlorophyll of
maize were increased by the foliar application éélizer (Ling and Silberbush, 2002).
Mosali et al., (2006) reported a linear relatiopshetween P grain concentration and
foliar treatments of P at Lahoma and a slight éftecP uptake, especially at Feekes 7.
Phosphorus absorption and metabolism in the plastwery fast when P was applied as

a foliar fertilizer when compared to traditionat@l fertilizer application (Bayton, 1954).

Mosali et al., (2006) found that delaying foliarapplication to a Feekes 10.5
increased PUE by 8% as compared to the same appticai Feekes 7. Girma et al.
(2007) reported a greater PUE at 2 kg P bifoliar P in applied to corn at growth stage
V8 compared to 4 and 8 kg P*happlied at the same time. Foliar P increased wihea
by 28% compared with pre-plant P fertilizer in s@ibrres, 2011). There is a need to

improve PUE as well as P concentration in grain @adt tissues to increase grain yield.
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In addition, using foliar P application methodscansidered the best way to reduce the

amount of phosphorus fertilizer required as afeoillizer.

Foliar inorganic fertilizers have been studiedtfue last 200 years (Kannan, 1986
a). There are many factors that affect the abswrir uptake of foliar fertilizer. The first
factor is the cuticle layers on the plant leavesiaF applied nutrients of inorganic foliar
fertilizer is absorbed through leaves in a two-gpepcess in which they penetrate the
cuticle (passive percolation or surface adsorptiand then pass through (active
absorption) the cells below the cuticle layers (Kam 1986 a; Tyree et al., 1990). Foliar
applied nutrients can be absorbed by leaves thrthegltuticle, stomata, leaf hairs, and
epidermal cells (Noack et al., 2010). Movement ofrient within and from leaves is
achieved by two pathways, passive (apoplastic) actdre (symplastic), through the
plasmadesmate (Erwee et al., 1985; and Kannan, i0&fght, temperature, and relative
humidity affect the opening stomata which will, turn, affect absorption of nutrition
(Kannan, 1986 a; Noack et al., 2010). The uptakdolér fertilizer was affected by
temperature and relative humidity when a thin lagfemoisture is made on the leaves by
transpiration (Thorne, 1958). At high temperaturesticle adhesiveness increases,
surface tension increases and nutrition is incnghgidiffused through the cuticle and
stomata (Kirkwood, 1999). Phosphorus absorpticalge affected by leaf age (upper and
lower leaf), wetting of leaf surface, and solutidroplet angle (Koontz and Biddulph,
1957; Wittwer and Teubner, 1959; Reed and Tukey7L9Phosphorus was rapidly
absorbed at low solution PH compared to high smuBH; in addition, solution pH (3 to
5.5) was the best for uptake of minerals (Fisher Afalker, 1955; Kannan, 1980). Fritz

(1978) reported that the plant benefited from Rilizer by 10% of the total P amount
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when the fertilizer was applied at the plant raminpared with 50% of the total P amount
when the P fertilizer was sprayed on the canopppiing phosphorus fertilizer in the

early growth stage impacts the grain yield of theeat crop. Romer and Schilling (1986)
reported that applied phosphorus at Feekes 6 toa9(lHopm) rate increased grain yield

compared with Feeks 11 to 17 at the same applicadie.

There are several papers that reported the impd&taiar fertilizer on the grain
yield of wheat, PUE, and P grain concentration,R@, sprayed on the wheat canopy at
rates of 1 to 4 kg P Haincreased grain yield in low temperature condgidm China
(Sherchand and Paulsen, 1985).,RBy sprayed at late wheat flowering at rates 0, 2.2,
4.4, and 6.6 kg P Haand increased grain yield especially at the higaer (Benbella and

Paulsen, 1998).

The hypothesis of this study was the applicatiomNofri-phite with and without
the addition of N at 100 and 75 % of crop need Rrad 100 and 80 % sufficiency would
increase and/or improve growth, grain yield andrgropuality of hard red winter wheat.
Thus, the objective of this study was to determimether Nutri-phite application with
and without pre-plant P (100 and 80% sufficien@yjifizer at two growth stages (GS 13
to 14 and GS 49 to 53 growth stages) at the ra# &fa* would increase hard red winter

wheat grain yield and improve grain quality.
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MATERIALSAND METHODS

Five winter wheat field experiments were establisbeer the fall of 2009/2010
and 2010/2011. Two fields were chosen in 2009/a8id® at PerkinsKirkland silt loam-
fine, mixed, thermic Udertic Paleustoihd one at Perry field 1 (Kirkland fine, mixed,
superactive, thermic Udertic Paleustolls). Thredld6 were chosen in 2010/2011 at
Perkins, Perry field 2 (Norge fine-silty, mixed,tige, thermic Udic Paleustolls), and
Morrison (Grainola fine, mixed, active, thermic Utile Haplustalfs) as described in
(Table 3.1). A total of 18 and 12 treatments wemargged in a randomized complete
block design with three replications 2009/2010 2080/2011 respectively. Plot size was

6 m by 3 m with a 3 m alley between replicates.

Table 3.1. Study fields at location over two praiuc years of hard red winter wheat at

State of Oklahoma.

Year of study

Location
2009 2010
Perkins +t +
Perry field 1 + -
Perry field 2 - +
Morrison - +

t +, - = field studied within a production year
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Treatments and tr eatments structur e

Nutri-phite was applied at two stages of hard r@atev wheat: 2-4 leaf stage (GS
13 to 14) and at 61 cm high (GS 49 to 53) at the o 4L ha'. There were two control
treatments consisting of no fertilizer add (norateel) and standard practice (full
fertilizer). Fertilizer treatments were applied lwdand without Nutri-phite at one stage (1
app Nutr) in the 2009/2010 season and at two st@yasp Nutr) of wheat growth in both
seasons. Additionally, the treatments encompadsedgplication of N at 100 and 75%
of crop need, and P at 100 and 80% sufficiencyh kath and without Nutri-phite at one
and two stages of hard red winter wheat, in the92ZZImL0 season. A combination of both
nutrients, each at 75% of crop need and 80% Pcsiifty, was evaluated with and
without Nutri-phite. Also, seed treated with Nupfite was evaluated in the 2009/2010

season (Table 3.2).
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Table 3.2. Structure and abbreviations of treatsehNutri-phite and soil fertilizer with
and without Nutri-phite of hard red winter whea2809/ 2010 and 2010/ 2011 seasons

at State of Oklahoma.

Treatment Structure Abbreviations 2002010
No Fertilizer control Non-treated +1 +
Treated seed by Nutri-phite Treated Seed + -
No Fertilizer + Nutri-phite @ 2-4 leaf stage 1 aAybyotr - +
No Fertilizer + Nutri-phite @ 2-4 leaf stage & 6th
height 2 app Nutr + +
100% Sufficiency N and P (standard practice) NP4.00 + +
N applied at 75% of crop need N 75% + -
N applied at 75% of crop need+ Nutri-phite @ 2-4| N 75% & 1
leaf stage app Nutr + -
N applied at 75% of crop need+ Nutri-phite @ 2-4| N 75% & 2
leaf stage & 61 cm height app Nutr + -
N applied at 100% of crop need N 100% + +
N applied at 100% of crop need+ Nutri-phite @ 2-4N 100% & 1
leaf stage app Nutr + +
N applied at 100% of crop need + Nutri-phite @ 214N 100% & 2
leaf stage & 61 cm height app Nutr + +
P applied at 80% sufficiency P 80% + -
P applied at 80% sufficiency + Nutri-phite @ 2-4fle P 80% & 1 app
stage Nutr + -
P applied at 80% sufficiency + Nutri-phite 2-4 leaf| P 80% & 2 app
stage & 61 cm height Nutr + -
P applied at 100% sufficiency P 100% + +
P applied at 100% sufficiency + Nutri-phite @ 2-4| P 100% & 1
leaf stage app Nutr + +
P applied at 100% sufficiency + Nutri-phite @ 2-4 P 100% & 2
leaf stage & 61 cm height app Nutr + +
N applied at 75% of crop need and P applied at 809 75% & P
sufficiency 80% + +
N applied at 75% of crop need and P applied at 809 75% &P
sufficiency + Nutri-phite @ 2-4 leaf stage & 61 cm| 80% & 2 app
height Nutr + +

T +, - = Treatments applied or not applied withjpraduction year.
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Soil samples and fertilizer application

Soil samples (0-15 cm depth) were collected andlyaed for available N and P
in the soil prior to initiation of the experimerkhis information was used to calculate
additional fertilizer needed for 100% and 75% afpcN need and 100% and 80% P
sufficiency Based on soil analysis results, K wagliad uniformly to all plots if analysis
warranted application (Table 3.3). Nitrogen (ureas split (1/3 and 2/3) between pre-
planted and Feekes 5, and all P (TSP) was appteglpte. In addition, Nutri-phite was
sprayed by using a backpack sprayer over the wdszaipy at the rate of 4L fian both

growth stages.

Table 3.3. Initial surface (0-15 cm) soil test @weristics of hard red winter wheat field

at Perkins, Perry, and Morrison, OK, 2009/2010 200/2011.

2009/2010 2010/2011
Location NOs-N P K NQ-N P K
--------------- O 1T e /(1 ] | T- W
Perkins 28 45 300 27 43 297
Perry field 1 37 39 295 - - -
Perry field 2 -t - - 25 42 302
Morrison - - - 45 17 284

t - = field was not planted within a year produitio
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Sowing date and field practices

Duster winter wheat was no-till planted Novembe609 at Perry field 1 and
November 18, 2009 at Perkins. Endurance winter tvvaa no-till planted October 8,
2010 at Perry field 2 and Morrison and on Octoller2D10 at Perkins with 19.5 cm row
spacing at the rate of 101 kghat all sites. Weeds were controlled following Gidena

Cooperative Extension Service recommendations.

Data collection and analyzing

Primary data included tillers per plant at harvegtstage, plant height (cm) at
harvesting stage, grain vyield (kg haand grain phosphorus concentration (mg)kg
Grain was harvested at maturity by harvesting #r@er 2 m using a Massey Ferguson
8XP experimental combine. This combine was equippeth a Harvest Master
automated weighing system (Harvest Master Inc, hogdtah). Grain subsamples of
some treatments in 2009 and all treatments in 204r@ collected for P quantification in
SWAFL lab. Also P uptake was calculated by muliiplyP percentage in grain by grain
yield. All data were analyzed using the GLM proaedaf SAS 9.3 (Sas institute, Cary,

NC).
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RESULTS

Perry field 1, 2009

The analysis of variance showed that none of theatriments affected
morphological characteristics or grain yield atripdreld 1 in 2009/2010 (Table 3.4).
Also, grain phosphorus concentration in mg*kand P uptake in kg Havere not

significantly affected by treatments (Table 3.6).
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Table 3.4. Analysis of variance and mean separdbiotiller number per wheat plant,
plant height (cm), and grain yield (kgHdn hard red winter wheat as affected by

treatments at Perry field 1, OK, 2009.

Source of Variation  df Tiller Number/ Plant Height  Grain Yield

plant (cm) (kg ha')
Treatment 17 NS NS NS
Replication 2 NS NS NS

Treatment Means
Tiller Number/

Treatment Plant Height Grain Yield
plant

cm kg hd
Non-treated 3 50 1629
Treated seed 3 48 1806
2 app Nutt 3 42 1077
NP 100% 3 48 1622
N 75% ‘ 3 43 1356
+ 1 app Nutr 2 41 1636
+ 2 app Nutr 2 43 1123
N 100% 2 42 1183
+ 1 app Nutr 2 42 1334
+ 2 app Nutr 3 46 1454
P 80% 3 47 1756
+ 1 app Nutr 2 44 1021
+ 2 app Nutr 3 48 1350
P 100% 3 46 1602
+ 1 app Nutr 2 47 1114
+ 2 app Nutr 2 48 1123
N 75% & P80% 2 46 1275
+ 2 app Nutr 2 44 1407
C.V. (%) 35 12 29

TNS= Nonsignificant.
FNutri-phite at two growth stages.
8Nutri-phite at one growth stage.
df= Degree of freedom; CV= Coefficient of variation
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Perkins 2009

There were no significant differences found betwdentreatments in number of
tillers per plant in Perkins (Table 3.5). Signifitadifferences were found among the
treatments in plant height (cm) and ranged fromt®#3 cm (Table 3.5). Nutri-phite
increased plant height gradually from 45, 47, tocB®in the P100%, P100% & 1 app
Nutr, and P100% & 2 app Nutr treatments respectivEhe effect of Nutri-Phite with
P80% was not as consistent. Plant height increfased47 to 49 cm by using 2 app Nutr
with N75% & P80% treatment compared to N75% & P3@#hout Nutri-Phite. 2 app
Nutr treatments had less impact in plant heightamad with non-treated and NP 100%,
and plant height increased by 3 cm at non-treated NP 100%. However, using only
Nutri-phite without N and P did not significantl§fect plant height compared with using

the combination of Nutri-phite with P pre-plantateents.

Grain yield was significantly affected by treatmerand treated seed treatment
resulted in greater grain yield (1779 kg'haompared P80% & 1 app Nutr treatment
(1106 kg hd). There was no significant difference in grainlgiamong 2 app Nutr, non-
treated, and NP 100% treatments (1236, 1401 and k@ ha' respectively). Nutri-phite
at 1 and 2 app Nutr did not increase grain yieleéenvhsed in conjunction with P100%
and P80% compared to P100% and P80% without NhitepThe same result was found
at N100% and N75% with and without Nutri-phite. Tdevas a slight increase in grain
yield (243 kg hd) by using 2 app Nutr with N75% & P80% compareddmbination of

N75% & P80% without Nutri-phite.
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Table 3.5. Analysis of variance and mean separdbiotiller number per wheat plant,
plant height (cm), and grain yield kg*him hard red winter wheat as affected by

treatments at Perkins, OK, 2009/2010.

Source of Variation Df Tiller Number/plant Plant Height  Grain Yield

(cm) (kg ha')
Treatment 17 NS' *k *
Replication 2 NS ** NS
Treatment Means
Treatment Tiller Number/plant Plant Height  Grain Yield
cm kg ha'
Non-treated 2 49 ab¢ 1401 bc
Treated seed 3 5la 1779 a
2 app Nutt 2 46 cde 1236 bc
NP 100% 2 49 abc 1217 bc
N 75% _ 2 49 abc 1330 bc
+ 1 app Nufr 2 45 de 1167 ¢
+ 2 app Nutr 2 49 abc 1115c
N 100% 2 47 bed 1246 bc
+ 1 app Nutr 2 43 e 1146 c
+ 2 app Nutr 3 46 cde 1563 ab
P 80% 2 45 de 1120 ¢c
+ 1 app Nutr 2 47 bed 1106 c
+ 2 app Nutr 2 46 cde 1314 c
P 100% 2 45 de 1167 c
+ 1 app Nutr 2 47 bcd 1113 c
+ 2 app Nutr 2 50 ab 1260 bc
N75% & P80% 2 47 bed 1176 c
+ 2 app Nutr 2 49 abc 1420 abc
LSD 0.7 3 367
C.V. (%) 20.2 4.3 17.4

Tt NS,*, **non significant or significant at tHf@< 0.05 or 0.01 respectively.

T Nutri-phite at two growth stages.

8 Nutri-phite at one growth stage.

1 a, Db, c, d, e= Test of treatments means (LSP<a0.05 and 0.01)

df= Degree of freedom; CV= Coefficient of variatidtSD= Least significant difference.
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Grain phosphorus concentration (mg ‘kgwas significantly affected by
treatments (Table 3.6), and the results showed2tlagp Nutr significantly increased the
grain phosphorus concentration compared to notetleand NP 100% (4565, 3335, and
3155 mg kg respectively). The 2 app Nutr of Nutri-phite hagager impact on grain
phosphorus concentration compared to P 100%, amdstincreased by the combination
of Nutri-phite (1 and 2 app Nutr) with P 100% fr®855 to 3735 and 3725 mg kat
P100%, P100% & 1 app Nutr and P100% & 2 app Nugpeetively. A slight increase in
grain phosphorus concentration was recorded whigrg iutri-phite(1 and 2 app Nutr)
with N100% compared to N 100% alone (1146, 1563 E%b kg hd respectively). In
general, the greatest grain phosphorus concentratis recorded at 2 app Nutr of Nutri-

phite (4565 mg kd) when compared with other treatments.

Phosphorus uptake was significantly affected lpattnents (Table 3.6). Nutri-
phite (2 app Nutr) was effective for increasing ptake (5.79 kg h3 than control
treatments (4.67, and 3.99 kg'hat non-treated and NP% respectively. Likewise, th
trend of increased P uptake was more efficient wigng Nutri-phite (2 app Nutr) in
contrast to P100% (3.96 kg Ha Also the combination of P100% with 2 app Nutr
significantly increased P uptake compared to thmkipation of P100% with 1 app Nutr
(4.74 and 3.93 kg Harespectively). However, the greatest P uptake measrded at
treated seed, Nutri-phite (2 app Nutr), and N100% &pp Nutr treatments (5.87, 5.79,

and 5.73 kg hHarespectively).
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Table 3.6. Analysis of variance and mean separ#tiototal phosphorus mg Kgand P

uptake kg hd in hard red winter wheat as affected by treatraéfterkins, and Perry

Field 1, OK, 2009/2010.

Grain P P uptake
Location Source of Variation DF  concentration(mg -1
kg-l) (kg ha )
Perkins Treatment 11 T *
Perry field 1 Treatment 11 NS NS
Perkins Perry field 1
Treatment Grain P. P uptake Grain P. P uptake
concentration concentration
mg kg-1 kg ha-1 mg kg-1 kg ha-1
Non-treated 33351 4.6 abcd 4450 7.3
Treated seed 3440 b 5.8a 3435 6.7
2 app Nutt 4565 a 5.7 ab 4355 4.7
NP 100% 3155 b 39cd 3675 6.2
N 75% & 2 app Nutr 3050 b 3.1d 3615 4.5
N 100% ‘ 3045 b 3.4d 3680 3.0
+ 1 app Nutr 3215b 4.0 bed 2975 4.3
+ 2 app Nutr 3240 b 5.7 abc 3345 4.8
P 80% & 2 app Nutr 3460 b 4.1 abcd 4315 6.3
P 100% 3655 b 39cd 3055 6.1
+ 1 app Nutr 3735 ab 3.9d 3825 4.1
+ 2 app Nutr 3725 ab 4.7 abcd 4245 5.2
LSD 368 1.8 NS NS
C.V% 11.9 18 17.3 33.7

T NS,* Nonsignificant or significant & < 0.05, respectively.

T Nutri-phite at two growth stages.
8 Nutri-phite at one growth stage.
7 a, b, ¢, d, e= Test of treatments means (LlF5©0.05)
df= Degree of freedom; CV= Coefficient of variatidtSD= Least significant difference.
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Perkins 2010

The results of variance analysis of morphologitareacteristics and grain yield at

this site revealed no significant differences amtiregtreatments (Table 3.7).

There was a significant effect of treatments inrgpiosphorus concentration mg
kg'. (Table 3.10). There was no significant differefetween Nutri-phite treatments
(1and 2 app Nutr) compared to control treatmers-fneated and NP 100%). There was
a significant influence when using Nutri-phite witli00%, P100% and N75% & P80%
to increase grain phosphorus concentration. Thatgge total grain phosphorus was
3770, 3710, 3645 and 3625 mg'lkfgam treatments N100% & 1 app Nutr, N 75% & P

80% & 2 app Nutr, N100% & 2 app Nutr and 2 app Naspectively.

Nutri-phite treatments (1and 2 app Nutr) signifitpaffected P uptake compared
to non-treated treatment (Table 3.10) and the Bkepdf those treatments was (3, 4 and 2
kg ha' respectively). NP% treatment was more signifitarincrease P uptake (5 kg ha
) compared to Nutri-phite treatments (1and 2 appr)N&iand 4 mg kg respectively.
The combination of Nutri-phite treatments (landpp &lutr) with P100 had a negative
effect compared with the combination of Nutri-phfieand 2 app Nutr) with N100%. P
uptake was decreased from (4 kg‘hat P100% to (1 kg i at P100% &1 and 2 app
Nutr. Nutri-phite (2 app Nutr) was more efficieritan Nutri-phite (1app Nutr) in P

uptake, especially at the combination with N100% &i75% & P80%.
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Table 3.7. Analysis of variance and mean separdbiotiller number per wheat plant,

plant height (cm), and grain yield kg*him hard red winter wheat as affected by

treatment at Perkins, Ok, 2010/2011.

Source of Variation df Tiller Number/plant Plant Height (cm) G(rs;]nhg?ld
Treatment 11 NS' NS NS
Replication 2 NS NS *

Treatment Means
Treatment Tiller Number/plant Plant Height Grain Yield
cm kg ha'
Non-treated 3 51 698
1 app Nutf 3 51 1058
2 app Nutt 3 52 1305
NP 100% 3 55 1413
N 100% 3 48 782
+ 1 app Nutr 3 51 1015
+ 2 app Nutr 3 57 1410
P 100% 3 55 1191
+ 1 app Nutr 3 58 1727
+ 2 app Nutr 3 58 1321
N75% & P80% 4 57 1286
+ 2 app Nut 3 53 867
C.V. (%) 16.9 10.9 45

T NS, * Nonsignificant or significant &< 0.05.

T Nutri-phite at one growth stage.
8 Nutri-phite at two growth stages.
df= Degree of freedom; CV= Coefficient of variation
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Perry fidd 2, 2010

The analysis of variance showed significant effestsong treatments on tillers
number per plant, plant height (cm), and graindyidg ha') (Table 3.8). Nutri-phite
treatments (1 and 2 app Nutr) did not show a Sicanit increase in tiller number
compared to non-treated wheat. Plant height wasifgigntly increased at the
combination of N100% with Nutri-phit€2 app Nutr treatment) (3 tiller per plant)
compared to N100% without Nutri-phite (2 tiller pglant). The same effect was also
recorded at N75% & P80% with and without Nutri-ghiThe treatments with P100%
with and without Nutri-phite treatments resultednm significant effect on tiller number

(2 tillers per plant).

There was no difference between Nutri-phite tresti® and non-treated wheat,
especially between 2 app Nutr and non-treated @ntplheight (39 and 40 cm
respectively). In addition, plant height increaseghificantly by (5 and 21 cm) at N100%
with 1 and 2 app Nutr respectively compared to N20@Iso, plant height increased at
N75% & NB80% & 2 app Nutr by 11 cm compared with Bi@® P80%. Nutri-phite

treatments did not significantly affect plant hdiglhen Nutri-phite use with P100%.

The grain yield (kg H8 result showed that there was no significant diffiees
among Nutri-phitéreatments (1 and 2 app Nutr) and non-treated wiGain yield was
significantly affected by NP100% compared to Nptnite (1 and 2 app Nutr) treatments
(1138, 345, and 434 kg heespectively). Application of Nutri-phite treatmsr{tl. and 2
app Nutr) with P100% did not show any impact onirgrdeld but grain yield was

slightly decreased from (650 kg Haat P100% to (481 and 525 kgfat Nutri-phite (1
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and 2 app Nutr) respectively. Otherwise, slightease in grain yield was recorded at
N75% & P80% with 2 app Nutr compared to N75% & P8@tthout 2 app Nutr (1223
and 969 kg harespectively). Also, the effect of Nutri-phite ttegents with N100% in
grain yield was not consistent and slightly inceshat N100% & 2 app Nutr (1220 kg ha

1) but decreased at N100% & 1 app Nutr (977 Kd) mmmpared to N100% (1106 kg ha

b,

The analysis of variance showed that the treatmleadsa significant effect in
grain phosphorus concentration (Table 3.10). Thecebf Nutri-phite treatments was not
consistent, and there was similar effect of Nulvitgp treatments (1 and 2 app Nutr) on
grain phosphorus concentration (3320 and 2830 mfréspectively) and non-treated,
and NP100% treatments (3485 and 2545 nifjregpectively). Nutri-phite with pre-plant
N100% did not show any effect on grain phosphomscentration. In contrast, grain
phosphorus concentration was increased by using-phute (1 and 2 app Nutr) with
P100% (3650 and 3950 mg kgespectively) compared to P100% (3470 mg kg-1).
Furthermore, there was a negative effect of thebwoation of Nutri-phite (2 app Nutr)
with N75% & P80% compared to N75% & P80%, and ggaiosphorus concentration
decreased from (3180 mgKgat N75% & P80% to (2765 mg Ryat N75% & P80% &

2 app Nutr. None of the treatments significantlfeetied the P uptake kg h&Table

3.10).
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Table 3.8. Analysis of variance and mean separdbiotiller number per wheat plant,
plant height (cm), and grain yield kg*him hard red winter wheat as affected by

treatments at Perry Field 2, Ok, 2010/2011.

Source of Variation df Tiller Number/plant Plant Height (cm) G(rs;]nhg?ld
Treatment i o * *x
Replication 2 * NS *

Treatment Means
Treatment Tiller Number/plant Plant Height Grain Yield
cm kg ha-1
Non-treated 2 cdé 40 bed 471c
1 app Nutf le 31d 345¢
2 app Nut? 2 cde 39 bed 434 ¢
NP 100% 3 abc 51 abc 1138 a
N100% 2 de 35d 1106 a
+ 1 app Nutr 2 cde 40 bced 977 ab
+ 2 app Nutr 3ab 56 a 1220 a
P100% 2 cde 42 abcd 650 bc
+ 1 app Nutr 2 bcde 43 abcd 481 c
+ 2 app Nutr 2 cde 38 cd 525 ¢
N75% & P80% 2 abcd 43 abcd 969 ab
+ 2 app Nutr 3a 53 ab 1223 a
LSD 0.9 15 419
C.V. (%) 24 20 31

T NS, *, ** Nonsignificant or significant & < 0.05 or 0.01.

¥ Nutri-phite at one growth stage.

8 Nutri-phite at two growth stages.

1 a, b, c, d, e= Test of treatments means (lF5£0.05 or 0.01)

df= Degree of freedom; CV= Coefficient of variatidtSD= Least significant difference.
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Morrison 2010

None of the treatments affected tiller number plant or plant height (cm) at
Morrison (Table 3.9). In contrast, the treatmemgsificantly affected grain yield (kg ha
1) and the greatest and lowest grain yield were @18% 874 kg hY at the combination
of N75% & P80% with 2 app Nutr and non-treated eesipely. The results showed that
there was a significant increase in grain yieldl@4and 1498 kg hg at 1 app Nutr and 2
app Nutr compared to the control (non-trated) tmeit (874 kg hd). On the other hand,
a negative influence of Nutri-phifd and 2 app Nutr) treatments in grain yield was
observed when combined with P100% (1497, 1025 addl kg ha). Grain yield was
significantly increased at N75% & P80% & 2 app NuiB09 kg h&) compared with the
combination of N75% & P80% (1289 kg Ha The combination of N100% with and
without Nutri-phitetreatments (1 app Nutr and 2 app Nutr) did not sksagnificant
differences in grain yield and there was only dlidifference among the treatments. The
results of variance analysis showed that noneetratments was significantly affected

grain phosphorus concentration (mg'kgr P uptake (kg K8 (Table 3.10).
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Table 3.9. Analysis of variance and mean separdbiotiller number per wheat plant,

plant height (cm), and grain yield kg*him hard red winter wheat as affected by

treatments at Morrison, Ok, 2010/2011.

Plant Height Grain Yield

Source of Variation df  Tiller Number/plant (cm) (kg ha)
Treatment 11 NS NS *ox
Replication 2 NS NS el

Treatment Means
Treatment Tiller Number/plant Plant Height Grain Yield
cm kg ha'
Non-treated 3 55 874 d
1 app Nutt 2 50 1416 abc
2 app Nut? 3 55 1498 abc
NP 100% 3 49 1355 abcd
N 100% 3 54 1419 abc
+ 1 app Nutr 3 55 1830 a
+ 2 app Nutr 3 58 1718 ab
P 100% 3 56 1744 ab
+ 1 app Nutr 4 60 1497 abc
+ 2 app Nutr 3 53 1025 dc
N75% & P80% 3 54 1289 bcd
+ 2 app Nutr 4 64 1809 a
LSD NS NS 486.2
C.V. (%) 19 12 20

T NS, *, ** Nonsignificant or significant @& < 0.05 or 0.01or 0.001.

T Nutri-phite at one growth stage.

8§ Nutri-phite at two growth stages.
1 a, b, c, d, e= Test of treatments means (LlE590.05 or 0.01 or 0.001 )

df= Degree of freedom; CV= Coefficient of variatidtSD= Least significant difference.

108



Table 3.10. Analysis of variance and mean separé#tiototal phosphorus (mg Ryand
P uptake (kg hd in hard red winter wheat as affected by treatmanPerkins, Perry

Field 2, and Morrison, OK, 2010/2011.

Location Sou_rc_e of DE Grain P concentration P uptake
Variation (mg kg-1) (kg ha-1)
Perkins Trt 11 * *
Perry field 2 Trt 11 * NS
Morrison Trt 11 NS NS
Perkins Perry Field 2 Morrison
Grain P Grain P Grain P
Treatment concentrat P uptake concentratio P uptake concentrat P uptake
ion n ion
mg kg" kgha  mgkg' kgha® mgkg' kg ha'

Non-treated 3365db 2d 3485 ab 1 2605 2
1 app Nutjrf 2815 b 3 abcd 3320 abc 1 2705 3
2 app Nut? 3625 a 4 abcd 2830 bcd 1 2915 3
NP 100% 3405 ab 5a 2545 cd 3 2770 3
N 100% 3525 ab 2dc 2490d 3 2695 3

+ 1 app Nutr 3770 a 3 abcd 2460 d 2 2540 4

+ 2 app Nutr 3645 a 5ab 2455 d 2 2525 4
P 100% 3090 ab 4 abcd 3470 ab 2 2585 4

+ 1 app Nutr 3520 ab 4 abc 3650 a 1 2405 3

+ 2 app Nutr 2740 b 1d 3950 a 2 2735 2
N75% & P80% 3475 ab 1d 3180 abcd 2 2785 3

+ 2app Nutr 3710 a 2 bcd 2765 bcd 3 2935 4
LSD 807 2.3 819 NS NS NS
C.V% 10.8 30.8 12.2 315 16.1 30.1

T NS, * Nonsignificant or significant &< 0.05.

¥ Nutri-phite at one growth stage

8§ Nutri-phite at two growth stages.

1 a, b, c, d= Test of treatments means (LSP <20.05).

df= Degree of freedom; CV= Coefficient of variatidtSD= Least significant difference.
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DISCUSSION

Among all the trials and years, the results oflysis of variance showed
inconsistence results of Nutri-phite on tillers rnen plant high, grain yield, grain
quality and phosphorus uptake compared to nonemleatandard practice treatments.
Nutri-phite alone applied once or twice slightlgieased tillers, plant height, grain yield,
and grain phosphorus concentration compared to RL@D% sufficiency with and
without Nutri-phite (1 and 2 app Nutr) treatmenibe reason for this response may be
because the high levels of P concentration in ik sf this study (Table 3.3) making
the effect of additional P fertilizer minimal. Imdition, the effect of the environmental
conditions, especially less rainfall and high terap&re during these two years, might
have influenced results, because of their negatiyeact on Nutri-phite absorption

through stomata (Thorne, 1958; Kannan, 1986 a;egtal., 1990; Kirkwood, 1999).

In contrast to tiller per plant, plant height wa®rm affected by Nutri-phite
treatments and the combination of Nutri-phite WRhE0O0% and N100% compared to
P100% and N100% without Nutri-phite as well as gstnapp Nutr of Nutri-phite with
N75% & P80% compared to N75% & P80% at Perkins928@d at Perry field 2, 2010
seasons. Number of tillers was increased signifigaby using Nutri-phite with
treatments (N100% and N75% & P80%) at Perry field2@10. Ling and Silberbush
(2002) reported that there was a significant effefcP foliar fertilizer on corn shoot
growth. In addition, fertile tillers of winter wheavere increased by using P foliar
fertilizer at early stages (Batten et al., 1986;Bdath et al., 2011; Grant et al., 2001).

This effect of Nutri-phite especially at two growdtages (2 app Nutr) might improve the
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uptake of nitrogen fertilizer by wheat which thecreases the plant growth. Phosphorus
is essential to root growth and development thamh tmight help to increase root uptake

of nutrients (Marschner, 1995).

The influence of Nutri-phite (1 and 2 app Nutigpecially with other treatments,
was shown to have somewhat limited impact on gyétd (kg ha') The increase of
grain yield was not consistent among locations &etiveen years; the treatments
significantly affected grain yield at Perkins in02) Perry field 2 and Morrison in 2010.
The combination of Nutri-phite (1 and 2 app NutijhaN100% significantly increased
grain yield compared to the combination of Nutritphwith P100% as well as the
combination of Nutri-phite (2 app Nutr) with N75% R80% compared to N75% &
P80% without Nutri-phite. The influence of Nutriipgh(1 and 2 app Nutr) in grain yield

was same essentially as the influence of non-tleste standard practice treatments.

These results disagree with Mosali et al., (2008@) &orres (2011) who found a
slight effect of foliar P on the P uptake and grgeld of wheat especially at Feekes 7 as
foliar P was applied with a pre-plant fertilizen. addition, the use foliar P at the V8 corn
growth stage at 2 kg P haffected yield and PUE (Girma et al., 2007). Téasons for
the effect were not consistent among locationsyaails and could be influenced by the
condition of the soil and the weather, especidlly inoisture and temperature. These last
two reasons maybe affect the opening of the stomieh may affect absorption and the
movement of Nutri-phite throughout leaf tissuesghtj temperature, and relative
humidity are the most powerful environmental coiodit influencing the opening of the

stomata, which, then affect absorption, and evadporaf foliar nutrition (Thorne, 1958;
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Kannan, 1986a; Kirkwood, 1999; Noack et al., 201Q)addition, the time or growth
stage of the crop and the application rate of Noltite might affect uptake of P. Mosali
et al.,, (2006) mentioned that high rate of appioratof P as a foliar fertilizer at the
earliest growth stages (6 to 9 Feekes) was moreiezff, but Sherchand and Paulsen
(1985) reported that grain yield of winter wheatrgased at the lower rate of foliar P at
flowering stages. Contrarily, wheat grain yield waffected positively at high rate of
foliar P at the flowering stage (Benbella and Pel<.998). Similarly, using 120 L fa

(1.65 P h#) increased grain yield of winter wheat (McBeatlalet2011).

Grain phosphorus concentration was also affectetidaygments, especially Nutri-
phite treatments and the significant effect waoregal in three of five fields at two years
of this study. Nutri-phite treatments, especiallya@ Nutr increased grain phosphorus
concentration at Perkins in two years compared withtrol treatments, N treatments,
and P treatments. Also the results showed thaé thvais a significant increase in grain
phosphorus concentration when Nutri-phite was coetdbiwith P treatments at Perkins in
2009 and Perry field 2 in 2010. However, Nutri-phiteatments with and without other
treatments somewhat increased grain phosphorusertvation. Grain phosphorus
concentration of wheat might be increased whenarfophosphorus was sprayed at

anthesis (Sherchand and Paulsen, 1985).

Application of Nutri-phite (2 app Nutr) was morefieient at affecting crop
growth development and slightly increased graitdyiean the Nutri-phite (1 app Nutr).
Also, application of Nutri-phite (2 app Nutr) withe other treatments was more effective

than the combination of Nutri-phite (1 app Nutr}wihe other treatments. The reason for
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this effect might be the increased amount of Npitite (2 app Nutr) compared with
Nutri-Phite (1 app Nutr). Using foliar P fertilizat high rate (1 ppm) gave greater grain
yield in wheat (Romer and Schilling, 1986); als@nBella and Paulsen (1998) reported
that the grain yield of wheat was increased at heglel of foliar KHPO,. P uptake kg
ha' was significantly affected by the treatments, #relstronger effect was reported by
Nutri-Phite treatments (land 2 app Nutr) compam@ciieck treatment (non-treated).
Likewise, the impact of P100% and Nutri-Phite tneants (1and 2 app Nutr) in P uptake
was not consistent but was essentially the samexeTivas a slight increase in P uptake

in wheat grain by using P foliar fertilizer (Mosali al., 2006; Torres, 2011).

CONCLUSIONS

Nutri-phite (1 and 2 app Nutr) with and without etlireatments at all locations
and years did slightly affect growth and grain ¢ief wheat, and there was a significant
effect in grain phosphorus concentration and Pkeptéhe results of this study showed
that Nutri-phite (1 and 2 app Nutr) treatments @ased the number of tillers at Perry
field 2 in 2010. The same effect was also notgalant height at Perkins in 2009 and at
Perry field 2 in 2010. Thus, Nutri-phite treatmewith and without P and N had a

greater impact on plant height than on tillers nanger plant.

Grain yield determined by ANOVA was slightly inceesl by the combination of
Nutri-phite (1 and 2 app Nutr) with N 100 and 75%atments as well as with N75% &

P80%, but the combination with P treatments deeckagain yield. There was no
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significant different effect between Nutri-phite &hd 2 app Nutr) and check treatment
(non-treated) in grain yield compared with standanattice treatment. Nutri-phite (1 and
2 app Nutr) was more efficient in increasing gnalnosphorus concentration compared to
control treatment (non-treated) and NP% treatmigkewise, combining Nutri-phite (1

and 2 app Nutr) with P and N treatments resulteslight increase in grain phosphorus

concentration.

In general, two application of Nutri-Phite was maeffective at improving
growth, grain yield and grain phosphorus conceiginatompared to one application.
When pre-plant P fertilizer was supplied at 100 80&b6 sufficiency, the influence of
Nutri-phite at (1 and 2 app Nutr) on plant height @rain phosphorus concentration was
slight, but the effect on grain yield it was nogrsficant. Even so, there was a slightly
significant effect of Nutri-phite treatments on igraield, especially compared to the
control treatment (non-treated). Likewise, P uptakas increased by Nutri-phite
application, especially at 2 app Nutr, comparedheck treatments (non-treated). Nutri-
phite treatments were more efficient than P treatsim P uptake, and Nutri-phite (2 app

Nutr) was more efficient than Nutri-Phite (1 apptNun P uptake.

This study demonstrated that the application ofiNahite treatments as a P foliar
fertilizer might enhance and/or improve the whaatgh, grain yield and grain quality,
especially under good environmental conditions. sThhis study showed that foliar P
fertilization should concentrate on the amountadiaf fertilizer applied at the best time

of the crop life cycle to get the benefit of folepplication.
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