ABSTRACT

TILLEY, MATTHEW SCOTT. Improving Winter Wheat Yield in the Southeast by
Examining the Development and Mortality of Fall, Winter, and Spring Tillers Using
Different Seed Populations and Nitrogen Management Strategies. (Under the direction of Dr.
Ronnie W. Heiniger.)

Vegetative growth in the form of tillers is crucial in the formation and development of wheat
(Triticum aestivum L.). Several studies have been conducted to characterize the
development of tillers under certain environmental conditions as well as helping to identify
main stem and tillers and how they should be measured (Klepper et al., 1982; Baker et al.,
1986; Krenzer and Nipp, 1991). By merging methods from both Haun (1973) and Jewiss
(1972), Klepper and associates expounded upon a system for identifying main stem and tiller
development under field and lab conditions (1983). They found that leaf number on the main
stem and tillers increased at similar rates based on accumulated heat units in correlation with
leaf development through phyllochron intervals. Krenzer and associates evaluated wheat by
masking a correlation between mainstem leaf appearance and percent tiller formation. These
studies, however, examined tiller development only. Very few studies have examined the
natural phenomena of tiller death nor management practices that could be the cause of tiller
numbers decreasing when the plant reaches first jointing stage.

When evaluating tiller formation and mortality, the following study focused on two
seeding rates with two types of nitrogen applications. The objectives were to determine the
growth rate of leaves using a sophisticated marking technique to track the amount of leaves
produced per stem. The marking technique to track leaves also allowed for the tracking of
each individual tiller produced by the plant. Main stem and tiller counts were taken, thus
allowing for biomass and weights to be calculated to compare growth rates which in turn

allowed for a measurement to determine the amount of tillers lost. Since main stems, tillers,



and leaves could be tracked, this study allowed for the measuring of yield contribution from
each individual main stem and tiller in the form of seeds per head, kernel weight and overall
yield per treatment. Two meter samples were taken once a month with tillers being separated
from main plants and leaves counted on each vegetative stem and composed for statistical
analysis.

Statistical analysis showed a significant (p < 0.0001) three-way interaction among
seeding rate, growing degree days and tiller class. Nitrogen applied either in a single
application at GS30 or split into an early application in January and another at GS30 did not
have a significant effect on leaf or tiller development. While the timing of tiller initiation or
the rate of leaf development did not differ between seeding rates, the key differences were
that at the low seeding rate, a greater number of tillers were initiated in the spring and tillers
that formed in winter or early spring developed more leaves with more tillers surviving to
harvest. The higher seeding rates showed a lack of tiller production but furthermore
developed a pattern of self-thinning.

The key factor in terms of leaf number was sampling date. Regardless of seeding
rate, green leaf number increased with the accumulation of growing degree-days throughout
the growing season. Following GS30 leaf number on the main stem at low density, tillers
initiated in the fall continued to increase till the flag leaf emerged from the boot. However,
green leaf number in the tillers at the high density and tillers formed in the winter and early
spring at the low density leveled off and then declined rapidly between GS30 and maturity.
At the high seeding rate this resulted in only the main stem and an occasional tiller reaching
maturity; while at the low seeding rate only the main stem and the first two fall tillers

remained at harvest.
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CHAPTER ONE
ABSTRACT

Vegetative growth in the form of leaves and tillers is crucial in the development of
wheat (Triticum aestivum L.) and the formation of yield. Several studies have been
conducted to characterize the development of leaves and tillers under certain environmental
conditions (Klepper et al., 1983; Baker et al., 1986; Krenzer and Nipp, 1991; Krenzer et al.,
1991). These studies found that leaf number on the main stem and tillers increased at similar
rates based on accumulated heat units and that tiller appearance is synchronous with main
stem leaf development (Klepper et al. 1982). However, most of these studies were done in
glasshouse environments and only examined early tiller development. Few have examined
the phenomena of tiller mortality, particularly in field conditions under modern production
practices. This study was done to examine the influence of management practices, seeding
rates and nitrogen application timing, on leaf number and both tiller development and
decline.

This study was conducted at three sites over two years using a split plot design with
two seeding rates as the main plots and with either a single or split application of N as the
subplot treatments. Leaves on the main stem and each emerging tiller were marked at
regular intervals during the season to help determine phyllochron intervals (Pls), maximum
leaf number (MLN) and to measure leaf and tiller appearance. Destructive samples were
taken to determine changes in tiller number and to measure tiller mortality.

As noted in other research studies there was a linear increase in leaf number when

measured across growing degree days up to the point that the flag leaf emerged. However, in



contrast to the findings of Klepper et al. (1982) the leaves on the tillers appeared at a slower
rate than those on the main stem. This was confirmed by comparing PI from the main stem
with those found on tillers T1 and T2. Changes in seeding rate not only influenced the PI of
the main stem (119 and 123 GDD leaf™* for the low and high seeding rate, respectively) but
influenced the PI of tillers T1(136 vs 143 GDD leaf ) and T2 (142 vs 161 GDD leaf?). At
the higher seeding rate the Pls for tillers T1 and T2 were greater than those for the same
tillers at the lower seeding rate. Similar differences in MLNs were found between main
stems and tillers in the seeding rate treatments. Tiller numbers from the destructive samples
taken over the growing season indicated that tiller mortality differed between seeding rates.
The decline in tillers started earlier and was greater at the higher seeding rate when compared
to the lower seeding rate. The influence of N timing on tiller mortality was less consistent.
A split application of N only increased final tiller number at one sampling period at one site-
year. Overall, this study found that leaf appearance on the main stem and particularly on
each succeeding tiller is influenced significantly by seeding rate. Furthermore, seeding rate
is an important factor influencing leaf development, MLN, and tiller mortality.
INTRODUCTION

Vegetative growth in the form of leaves and tillers is crucial in the development and
productivity of wheat (Triticum aestivum L.). In particular, research indicates that managing
tiller development is an important component of soft red winter wheat production in the
southeastern U.S. (Alley et al., 1989; Scharf and Alley, 1993; Weisz et al., 2001). The lack
of yield increase in wheat in the Southeast most likely can be linked to low tiller numbers

and the high rate of tiller mortality (Sharma, 1983). In order to improve tiller numbers
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growers need to know what management factors influence their development and decline. In
this study a method of counting and marking leaves and tillers in the field was created in
order to monitor leaf and tiller growth and development under different management
practices with the goal of determining how these management practices affect leaf
development and tiller density.

To measure leaf and tiller development it is necessary to understand the growth and
development cycle of wheat. The most widely used scale in the United States to describe
small grain growth and development is the Feekes’ scale (Miller, 1992; Chancellor, 1966)
which has been found applicable in the studies of wheat, oats, barley, and rye (Large, 1954).
The main morphological stages of Feekes scale are numbered from 1 to 11 in ontogenetic
order from seedling emergence until grain ripening (Zadoks et al., 1974). Although the
Feeke’s scale is widely used in crop management many researchers have found Feekes’ two-
digit scale inefficient for data processing and analysis (Loegering, 1968; Zadoks et al., 1974).
As a result Zadoks (1974) introduced a new method of describing wheat development. The
Zadoks scale categorizes principle growth stages also called primary growth stages using
symbols 0 to 9. Similar to the Feeke’s scale the symbols represent the primary stages that are
easily recognizable. Stage O represents germination. Stages 1, 2, and 3 designate vegetative
seedling growth, tillering, and stem elongation to flag leaf stage. Stage 4 covers the booting
process (Zadoks et al., 1974). Due to the differences of growth patterns among cultivars,
stages 5 and 6 may represent both inflorescence emergence and anthesis. Stage 7 signifies
milk development while stage 8 begins dough development. Finally, stage 9 indicates

ripening. In order to meet the needs for more advanced studies; each principal stage is
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subdivided into secondary growth stages (Zadoks et al., 1974). Secondary growth stages use
a second digit symbol (0 to 9) and are used to give a more detailed description of growth and
development.

Although both the Feeke’s and Zadok’s scales are useful in describing wheat
developmental stages they are not suitable for precise measurement of leaf or tiller
development. In response to the need for a more precise measurement system Haun (1973)
created a system that was more detailed and descriptive compared to either the Feeke’s or
Zadok’s scales (Miller, 1992). Under the Haun scale main stem leaves are numbered
according to their order of appearance. The main stem leaf that is in the process of
emergence is measured as a decimal fraction of the antecedent fully emerged leaf. Therefore,
the Haun scale is based on the status of development of the leaf or plant part observed
relative to the next older leaf or plant part. Furthermore, the vegetative development is
integrated with the reproductive phase which in turn provides continuous numerical data that
may be subsequently correlated with various factors influencing growth. The Haun (1973)
scale is more definitive and sensitive to changes in plant morphology than any other scale
(Bauer et al., 1984). Most of the researchers studying wheat growth and development have
used the Haun (1973) scale to measure plant growth along with the use of thermal heat units
to measure the timing of growth.

Thermal units derived from air temperature, an easily and widely measured ambient
parameter available at weather stations, are used to measure the rate of wheat development
(Bauer et al. 1984). Thermal units, also known as growing degree days (GDD), are measured

using the formula GDD=((TmaxtTmin / 2) — Tp) (Bauer et al., 1984; Khichar et al., 2007) with



Tmax €qualing the daily maximum temperature (°C), Tmin equaling the daily minimum
temperature (°C). Ty, is base temperature. Bauer et al. (1984) in measuring spring wheat
found that GDD provided an excellent estimate of development rate, that leaves on the main
stem of a wheat plant appear in direct response to temperature and that the relationship
between leaf development and GDD was linear. Baker et al., 1986 developed a method
based on the Haun scale for measuring the linear response between leaf appearance and GDD
using the term phyllochron interval. Phyllochron intervals are defined as the development
time it takes for elongation of successive main stem leaves (Krenzer et al. 1991).
Phyllochron interval was measured by taking the reciprocal of the slope determined by
regressing mainstem leaf stage against GDD using data collected from each individual plant.
Studies have shown that tiller development is directly influenced by its environment,
as illustrated by the work of Charles-Edwards (1983). This study postulated that a new tiller
is formed whenever the amount of assimilate that is fixed by the plant surpasses the amount
of assimilate that is required for growth and development. It is clear from this theory that
many factors such as temperature, light, water and nutrients can influence the growth and
development of tillers but also the amount of leaves produced by the plant to help
manufacture such large amounts of assimilate. Temperature strongly influences leaf growth
(Baker et al., 1986) which in turn leads to the increase in tillers. Under natural light
conditions, the more light energy that is absorbed through the leaf surface, the faster the plant
will grow (Charles-Edwards, 1983) resulting in the potential for more tiller production.
Several studies have characterized the development of leaves and tillers in wheat

under field and growth chamber conditions (Klepper et al., 1982; Baker et al., 1986; Krenzer



and Nipp, 1991; Krenzer et al., 1991). Using growth chamber studies Klepper et al. (1982)
postulated that after a wheat plant emerges from the soil, environmental stress does not
influence the rate at which main stem leaves appear, except under severe stress. In this same
study Klepper et al., 1982 found that once initiated the leaves on each tiller develop
synchronously with the main stem leaves and that it was possible to estimate number of
leaves on a tiller based on main stem leaf stage. Klepper et al., (1982) proposed a system in
which tillers are labeled according to the leaf node at which they develop with TO
designating a tiller at the coleoptile node and T1 a tiller at leaf number 1 and so forth. They
found that when stress was severe the tiller normally developing during a specific
morphological period will not form at all. Therefore, the number of plants containing a
specific tiller can be used as a measure of the presence, or absence, of stress during a
particular developmental period (Peterson et al., 1982; Rickman et al., 1983). Krenzer and
Nipp, (1991) characterized the development of leaves by examining phyllochron intervals for
different cultivars which concluded that different cultivars under the same growing
conditions will have different phyllochron intervals due to the response of mainstem leaves
to GDD.

In contrast to Klepper et al., 1982 other studies have found that plant stress from
various sources can affect both leaf and tiller appearance and development. Rodriguez et al.,
2000 measured leaf and tiller number under field conditions with low phosphorus
availability. At Feeke’s stage 7, results showed that the number of main stem leaves per
plant and the number of tillers per unit of area were significantly reduced when available

phosphorus was low or when shading was applied. However, when main stem leaves were



reduced under non-shaded conditions, tiller numbers also declined indicating that main stem
leaf appearance has a significant effect on the number of tillers produced by the plant.
Research has shown that applications of N during the tillering period can increase tiller
densities and yield (Alley et al., 1989; Scharf and Alley, 1993; Weisz et al., 2001).
Unfortunately, no one has looked at the role of fertility and nitrogen timing on the rate of leaf
appearance on the main stem or subsequent tillers.

Too much or too little moisture can also influence leaf and tiller formation. Krenzer et
al., (1991) measured main stem leaf appearance and tiller formation in growth chambers
under different moisture treatments. Results supported the use of main stem leaf stage to
predict tiller development even under low and high moisture treatments. However, Krenzer
et al., (1991) found that reduced moisture levels reduced the rate of main stem leaf
appearance (increased phyllochron interval), thus reducing tiller numbers by not allowing for
growth and formation of tillers. Unfortunately, there is little information on the impact of
other types of environmental stress such as freezing temperatures on phyllochron intervals,
Likewise, management factors such as seeding rates have not been examined to determine if
they affect phyllochron intervals.

While leaf and tiller development are important factors in determining the number of
productive spikes, tiller mortality can also affect the number of productive spikes. Tiller
mortality or death is a natural process that occurs in both spring and winter cultivars and
often begins after the main shoot initiates floral development (Jewiss, 1972; Rawson, 1971).
Bauer et al. (1984) in a study using three nitrogen treatments of 0, 45, and 188 kg/ha applied

to non-fertilized cultivars demonstrated the importance of nitrogen fertilizer in sustaining



tillers. Treatments of 118 kg/ha sustained tillers at a greater number compared to the 0 and
45 kg treatments. Nitrogen fertilization reduces tiller mortality, especially of the coleoptile
tiller and tiller emerging from the axil of the second leaf on the main stem (Fraser et al.,
1982; Power et al., 1978). These studies found that tillers that are sustained throughout the
growing season will have greater influence on final yields.

Not only does nitrogen play an important role in reducing tiller mortality, but plant
populations have a major influence in tiller sustainability. Research conducted by Davidson
et al., (1990) examined tiller mortality at preanthesis stage using two populations of 225 and
450 plants m™ under irrigated and non-irrigated treatments. Results indicated tiller mortality
in all treatments however, reduced irrigation and higher plant populations showed an increase
in mortality. Leaf production on surviving tillers increased linearly through flag leaf
emergence however, leaf production in non-surviving T1 tillers began to slow (Davidson et
al., 1990).

While these studies on leaf and tiller development and tiller mortality are useful in
identifying the influence of stress on tiller number and mortality they do not provide a
complete picture of how best to manage leaf and tiller development or to reduce tiller

mortality. Most of the work on leaf and tiller development comes from growth chambers
which make it difficult to determine the impact of plant density and fertility on tiller

formation and mortality under field conditions. Furthermore, these studies do not indicate
how split applications of smaller amounts of N might impact rates of leaf and tiller

development and if increasing the rate of main stem leaf development might reduce tiller

mortality prior to anthesis. The objectives of this research were to determine 1) the pattern of



leaf and tiller development under different seeding rates and the use of a split nitrogen (N)
application, 2) if different seeding rates or the use of split N application affected the rate of
main stem and tiller leaf appearance, and 3) if seeding rate or the use of a split N application
affected tiller mortality. To achieve these objectives a system for measuring leaf appearance
in the field was developed based on frequent observation and marking of main stem leaves.
MATERIALS AND METHODS

Field Experiment

Two sites were selected in eastern North Carolina (Tidewater Research Station in
Plymouth, NC (2010 and 2011), one private farm operation in Beaufort County (2010) and
one site was selected in western North Carolina (Piedmont Research Station in Salisbury, NC
(2011) over the two years of the study resulting in four site-years of data. The Tidewater
Research Station (TRS) site was on a Cape Fear loam (Clayey, mixed, thermic Typic
Umbraqults). The Beaufort County (BC) site in 2010-11 was conducted on a Cape Fear fine
sandy loam (Clayey, mixed, thermic Typic Umbraqults). The 2011-12 experiment at the
Piedmont Research Station (PRS) was conducted on a Mecklenburg clay loam (Fine, mixed,
thermic Ultic Hapludults). In 2010, plots were planted on 10 Nov at TRS and 11 Nov in BC.
In 2011, plots were planted on 10 Nov at TRS and 15 Nov at PRS. Conventional tillage
practices were used with no irrigation throughout the growing season.

At each site, Pioneer ‘26R12’ was planted in 16.9-cm rows into a conventional tilled
field following corn. The experimental design at all sites was a split plot design with main
plots consisting of two seeding rates, 193 seeds m™ and 676 seeds m™ and subplots

consisting of 134.4 kg N ha* applied using 30% UAN either as a single application or a split
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application with 67.2 kg N ha™ applied in the first application and the remaining 67.2 kg N
ha™* applied just prior to GS30. In 2010-2011 plots at both TRS and BC the first nitrogen
application was applied on 4 Feb while the remaining split application was completed on 18
Mar. At TRS in 2011-2012, the first split application was applied on 19 Jan. The final split
application was applied on 12 Mar. Applications at the PRS where applied one week later on
26 Jan and 19 Mar. All treatments were replicated five times.

Weed and insect control procedures were applied throughout the growing season to
all plots over the two year study. During the 2010-11 growing season, at TRS and BC plot,
thifensulfuren-methyl / tribenuron-methyl was applied POST at 0.04 kg ai ha™ with the UAN
treatment application for weed control on 14 Mar 2011. During the 2011-12 growing season
at the TRS, mesosulfuren-methyl was applied POST at 0.33 kg ai ha™ on 6 Dec 2011 and
thifensulfuren-methyl / tribenuron-methyl applied POST at 0.05 kg ai ha™ on 1 Jan 2012. At
the PRS, chlorsulfuron / metsulfuron-methyl was applied PRE at 0.03 kg ai ha™ on 3 Nov
2011. Thifensulfuren-methyl / tribenuron-methyl were applied POST at 0.05 kg ai ha™ on 28
Feb 2012.

Individual plots were 24.4 m long and 1.98 m wide. Each plot was divided into three
sections. The first 9.1 m was designated for the harvest sample. In mid June, this section of
the plot was harvested using a Gleaner K2 combine with a Harvestmaster ™ (Juniper Systems
Inc., Ogden, UT) grain gage that recorded moisture, grain weight, and test weight. Grain
weight was adjusted to 13.5% moisture before calculating yield. These data are not

discussed in this paper.
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The second section was 4.6 m long from which five random plants were chosen.
Each plant was flagged and marked to determine the number of leaves present on each main
stem and mainstem-tiller. Leaves with only a visible collar present were recorded at monthly
intervals throughout the growing season along with the total number of mainstem-tillers
observed. Throughout the 2010-11 growing season leaf and mainstem-tiller counts were
recorded at TRS and BC on 7 Dec, 31 Jan, 4 Mar, 2 Apr, and 30 Apr. During the 2011-12
growing season, leaf and mainstem-tiller counts were recorded on 9 Dec, 2 Jan, 11 Feb, and 3
Apr at the TRS and 15 Dec, 9 Jan, 24 Feb, and 13 Apr at PRS. Mainstem-tillers were
counted whenever a leaf with a visible collar was present. Mainstem-tillers were classified
using the system developed by Klepper et al., (1983) in which tillers appearing at each leaf
are classified using that leaf number i.e., T1, T2, T3.... New leaves and mainstem-tillers
were marked using either a black, silver or red marker to mark leaf surface, depending on the
time of year those particular tillers where first observed. Black markings represented tillers
that were initiated from planting through the end of December. Silver markings represented
early winter tillers that developed from the first of January to the beginning of March. Red
markings represented late spring tillers produced from March till growth stage GS30. The
three colors used to track tillers helped categorize each individual tiller and determined
whether or not they appeared in the fall, winter, or spring.

The last 10.7 m of each plot were reserved for destructive sampling. On the same
days that marking and recording of leaves and mainstem-tillers took place; a separate
destructive sample was taken from this area. Two meters of a single row were dug and

collected. Plant roots were washed in order to dissect and separate stems into main stem and
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tillers (including secondary and higher order tillers). These were then counted to determine
total main-stems and total tillers per sample. Tiller mortality was defined as tillers that had
no green leaf area and where no longer capable of producing a spike. At this point, these
tillers were no longer included in total counts.

Statistical Procedures

The Proc Mixed procedure in SAS (SAS Institute, 2006) was used to determine if
there were differences in leaf number on main-stems and mainstem-tillers among sampling
dates, seeding rate, nitrogen application timings and tiller classification (main stem and
mainstem-tiller number). In all cases, seeding rate and nitrogen application timing were
treated as fixed effects, while block and the block by seeding rate interaction were treated as
random. Leaf number per the five individual plants was averaged prior to statistical analysis.
A spatial power covariate structure was used to account for repeated measures over time.
When differences in leaf number among sampling dates, tiller classification within a
sampling date, tiller classification within seeding rate and sampling date, and tiller
classification within seeding rate, N application timing, and sampling date were detected
least squares comparisons were used to separate means.

Phyllochron interval for leaf appearance on the main stem and first two mainstem-
tillers were calculated in a manner similar to that described by Krenzer and Nipp (1991).
Phyllochron interval (P1) for the growth period from the first sampling to 1200 GDD (the
appearance of the flag leaf at this stage indicated the end of leaf development) was calculated
by determining the change in leaf number GDD™ over this period and taking the reciprocal.

This was done for each marked plant within each seeding rate and nitrogen application
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timing treatment at each location. Using the interval from the first sample to 1200 GDD
allowed us to capture four sampling periods in 2010-11 and three sampling periods in 2011-
12 for the main stem and two to three sampling periods for mainstem-tillers T1 and T2. PI
were not calculated for later developing mainstem-tillers (T3 and greater) due to their late
appearance and lack of sampling opportunities prior to 1200 GDD. For main stems and
mainstem-tillers which had leaf number recorded at three or more sampling periods the
change in leaf number GDD™ was determined by regressing leaf number over GDD and
using the slope of the linear equation. For mainstem-tillers with only two sampling dates the
difference in leaf number between the last and first date was divided by the number of GDD
that had accumulated between these two sampling periods to determine change in leaf
number GDD™. Krenzer et al. (1991) used a similar approach in which only two sampling
periods were used to determine Pl and the influence of water stress on PI.

Maximum leaf number for the main stem and for T1 and T2 were determined based
on leaf number measured at the last sample date just prior to 1200 GDD. Phyllochron
interval and maximum leaf number were analyzed across locations, seeding rates, nitrogen
application timings, and tiller classification (main stem, T1, T2) using Proc Mixed. In all
cases, seeding rate and nitrogen timings were treated as fixed effects, while blocks and the
interactions with blocks were treated as random. When differences were detected Fisher’s
Protected LSD was used to separate means.

In the case of the destructive samples taken at each sampling period, the Proc Mixed
procedure in SAS (SAS Institute, 2006) was used to determine if there were differences in

total-tiller number among sampling dates, seeding rate and nitrogen application timings. As
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with previous analysis, seeding rate and nitrogen timings were treated as fixed effects, while
blocks and the interactions with blocks were treated as random. A spatial power covariate
structure was used to account for repeated measures over time. When differences were
detected least squares comparisons were used to separate means.

Climate 2009, 2010, & 2011

Throughout the three years of this study, rainfall, minimum temperature, maximum
temperature, and 30 year average data were collected and recorded by the State Climate
Office in North Carolina for each location. Maximum temperature and minimum
temperature data were analyzed for each two week period during sample as well as to
calculate growing degree days with comparison to the 30 year average. Rainfall was
collected to determine growing conditions for each particular year and location.

Plymouth 2010. From November 2010 to the middle of February 2011, temperatures
averaged 3.55°C below the 30 year mean. However, beginning in March, temperatures were
greater than the 30 year average but not by a large margin (Table 1). Precipitation for the
growing season was only 48.49 cm, only 55% of the 30 year mean total.

Beaufort 2010. From December to January, temperatures averaged 3.94°C lower
than the 30 year mean (Table 2). Precipitation was similar to that recorded at the Plymouth
2010 site. Only 41.12 cm fell in Beaufort compared to the 30 year mean of 70.82 cm.

Plymouth 2011. Throughout the winter of 2011 and spring of 2012, temperatures
were slightly higher by an average of 2.43°C compared to the 30 year mean. Precipitation

over this period was 20 cm less than the 30 year mean (Table 3).
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Salisbury 2011. Average temperatures and precipitation for the Salisbury area were
similar to the 30 year mean (Table 4). In late May, there was 5.46 cm more precipitation
compared to the 30 year mean. However, total rainfall in the 2011 growing season was
within 1.52 cm of the 30 year average.

RESULTS & DISCUSSION

Leaf Number and Mainstem-Tiller Appearance

Because planting was done on different dates and sampling occurred at different
periods the data from all four site-years could not be combined and were analyzed separately.
In all site-years there were three way interactions between sampling period, seeding rate, and
tiller class for the number of leaves recorded at each sampling period (Table 5). In addition
there were two way interactions between seeding rate and tiller class, sampling period and
seeding rate and sampling period and tiller class along with significant main effects of
sampling period, seeding rate, and tiller class. Similar to the leaf development patterns
described by Klepper et al., 1982; Bauer et al., 1984; Bos et al., 1998, and Davidson et al.,
1990, leaf number in all site years increased in a linear fashion across GDD from planting up
to approximately 1400 GDD when flag leaf first appeared on the main stem (Figures. 1
through 4). Flag leaf emergence ranged from 1400 GDD to 1600 GDD with this particular
cultivar. At both locations during the 2010-11 growing season, wheat reached GS 30 just
after the fourth sample on 2 April. However, during the 2011-12 growing season, GDD
accumulated at a more rapid pace compared to the previous year due to warm weather over
the winter months (Tables 3 and 4). In 2011-12 GS 30 occurred at the beginning of March.

The slower rate of leaf appearance between the last two sample periods at BC 2010-11 and
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TRS 2010-11 (Figures 1 and 2) when compared to the rest of the sampling periods can be
explained by the fact that the sample collected prior to 1400 GDD did not measure the last
few leaves to emerge from the whorl. These leaves completed emergence by GS 37. Since
the final sample was taken after GS 37 had occurred, this sampling delay accounts for the
slower rate of leaf appearance.

Similar to what other researchers have found (Klepper et al., 1982; Krenzer et al.,
1991) tillers did not appear until at least 3 leaves were present on the main stem. In order to
visualize timing of mainstem-tiller initiation, vertical dashed lines in Figures 1 through 4
were used to describe the beginning of winter and the beginning of spring. For example, at
the TRS site in 2010 -11, the start of winter (21 Dec) began at 315 GDD while spring (20
Mar) began at 1017 GDD (Figure 2). At PRS and TRS in 2011-12 some mainstem-tillers
were formed prior to the start of winter (Figures 3 and 4 respectively). In 2010-11 no
mainstem-tillers were noted until the second sampling period in January (Figures 1 and 2).
Although planting dates were similar the warm fall weather (Tables 3 and 4) helped promote
early tiller development in 2011-12. Mainstem-tillers that had six leaves or more were
commonly initiated either in the fall or by the second sampling date in early January (Figures
1 through 4). More of the mainstem-tillers in the lower seeding rate treatment had six or
more leaves compared with the higher seeding rate treatment (Figures 1 through 4).

While the split application of N was not a significant factor at TRS in 2010-11 it was
involved in significant interactions at BC in 2010-11 and PRS and TRS in 2011-12 (Table 5).
At BC 2010-11 there was a significant interaction between split N and tiller class. At BC

2010-11 average leaf number on the main stem across sampling periods was significantly
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greater when split N was applied compared to a single N treatment (6.56 compared to 6.36
leaves main-stem™) (Figure 5). In contrast, there were no significant differences in average
leaf number across sampling periods for tillers T1 through T3 between a single and split
application of nitrogen.

At PRS 2011-12, there was a significant three-way interaction for leaf number among
sampling period, seeding rate, and split N and a two way interaction between seeding rate
and split N (Table 5). At the lower seeding rate there were small but significant differences
in leaf number at 900 and 1712 GDD with the single application of N having more leaves
than the split N application (Figure 6). In contrast there were large differences in leaf
number at the last two sampling periods in the high seeding rate with the split N application
having significantly more leaves than the single N application.

At TRS 2011-12, there was a four way interaction among sampling periods, seeding
rate, split N, and tiller class along with a three way interaction among seeding rate, split N
and tiller class (Table 5). Depending on seeding rate a split application of N affected leaf
number differently (Figure 4). In general, at the low seeding rate, only small, insignificant
differences in leaves on main stems and mainstem-tillers were found between N application
timings; while at the higher seeding rate differences in leaf number between a single and split
N application were found in mainstem-tiller T1. At the higher seeding rate mainstem-tiller
T1 had more leaves on some sampling dates when split N was applied (Figure 4). At the
higher seeding rate the impact of a split N application was to increase growth of the first
productive tiller but it did not improve the leaf development in the higher order tillers.

Rate of Leaf Development
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To determine differences in the rate of leaf development among site-years, seeding
rates, the timing of N application, and main stems or mainstem-tillers, phyllochron intervals
(PI) (Baker et al., 1986, Cao et al., 1989; McMaster et al., 1995) were measured by
determining the inverse of the slope between leaf counts taken on each marked plant made
prior to GS 37 (Krenzer et al., 1991). At TRS and BC in 2010-11, four sampling periods
were used to calculate PI for the MS and two to three sampling periods were available to
calculate PI for T1 and T2 (Figures 1 and 2, Table 6). At TRS and PRS 2011-12, three
sampling periods were used to calculate Pl for main stems and two to three sampling periods
were used to calculate PI for T1 and T2. When r* values could be calculated from three or
more sampling periods they ranged across locations from 0.64 to 0.99. Analysis of variance
for P1 found a three way interaction among site-year, seeding rate, and timing of nitrogen
application (Table 7). In addition there were two-way interactions between seeding rate and
tiller class and site-year and tiller class along with a seeding rate main effect.

Across all sites Pls for the lower seeding rate treatment either with a single or split N
application were shorter than the Pls for the higher seeding rate (Figure 7). This was
particularly true at PRS in 2011-12. At TRS 2011-12, the key factor that resulted in the
three-way interaction were the differences in Pls for the single and split N treatments within
the high seeding rate. At both sites in 2010-11, the split N application had longer Pls
compared to the single application of N within the high seeding rate. In contrast, TRS 2011-
12 had a longer PI with a significant difference in the single application of N compared to the
split application of N. Though PRS 2011-12 tended to follow the same pattern, there was no

significant difference between nitrogen treatments.



19

An examination of Pl across seeding rates and tiller classes indicated that there were
significant differences between seeding rates for the PI for leaves appearing on the main stem
and mainstem-tillers T1 and T2 with longer Pls consistently found when seeding at 676 seeds
m™ compared to 193 seeds m™ (Figure 8). Within seeding rates there were also significant
differences in P1 with the T1 tiller having a significantly longer PI than the T2 tiller. Within
the high seeding rate treatment tiller T1 had a significantly longer PI than the MS.
Differences in Maximum Leaf Number

The differences in Pl resulted in differences in MLN. Analysis of variance for MLN
found significant two-way interactions between seeding rate and tiller class and site-year and
tiller class along with significant main effects of tiller class, seeding rate, and site-year (Table
7). Within each tiller class maximum leaf numbers were significantly greater at the lower
seeding rate (Figure 9) compared to the higher seeding rate. Likewise, within each tiller
class MLNs for the main stems were greater than those found on tiller T1 and MLNs for T1
were greater than those found on tiller T2. This trend with more leaves developed on the
main stem compared to tiller T1 and more leaves on T1 compared to tiller T2 was consistent
across all site-years (Figure 10). Clearly the rate of leaf emergence influences the number of
leaves that will develop on a stem or tiller which in turn determines light interception and
yield potential. There were no significant interactions or main effects involving the timing of
N applied.
Factors Affecting Tiller Mortality

One of the objectives of this research was to determine what role seeding rate and

timing of nitrogen application played in tiller mortality. The key measure of changes in tiller
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number was the use of destructive measurements taken over the growing season to count the
number of live stems and tillers m™?. At BC in 2010-11 there were significant two-way
interactions for both sampling period and seeding rate and sampling period and N timing
along with significant main effects for sampling period, seeding rate, and N timing (Table 8).
By the third sampling period the higher seeding rate had over twice as many live stems and
tillers m™ compared to the low seeding rate (Figure 11A). However, by the fourth sampling
period tiller mortality was noted at the high seeding rate resulting in a smaller difference in
stems and tillers m™ between the high and low seeding rates. While at the final sampling
period tiller mortality was found at both seeding rates, there were more tillers lost at the high
seeding rate resulting in more productive stems and tillers m™ in the low seeding rate
compared to the high seeding rate. Among N timing treatments tiller counts were similar
until the fourth sampling period where fewer plants m? were measured in the split N
treatment compared to the single application of N (Figure 11B). However, more tillers were
lost in the single N application between the fourth and fifth sampling periods resulting in no
differences in stems and tillers m™ prior to harvest.

At the other three site years there were significant two way interactions between
sampling period and seeding rate along with significant main effects for sampling period and
seeding rate (Table 8). In a pattern similar to that found at BC 2010-11 the high seeding
rates always initially had more stems and tillers m (Figures 12, 13, and 14). However, tiller
mortality was noted at an earlier sampling period at the high seeding rate and tiller losses
were usually (with the exception of PRS 2011-12) greater at the higher seeding rate resulting

in no significant differences in productive stems and tillers m™ at the final sampling period.
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In contrast to BC 2010-11 (Figure 11B), at TRS 2010-11 and both sites in 2011-12, N
treatment was not significant for total tiller numbers (Table 8) indicating that no significant
differences resulting from split applications could be detected. Clearly the impact of N timing
on tiller mortality depends on soil and environmental conditions and can vary across
locations and seasons.
CONCLUSION

To understand the mechanisms that lead to productive tillers this study examined the
impact of management practices on leaf and tiller development and mortality. Previous
research has shown that the appearance and growth of tillers is driven by leaf development
(Klepper et al., 1982; Bauer et al., 1984; Bos et al., 1998). We also noted that the appearance
of leaves on the main stem was largely influenced by temperature and that there was a linear
relationship between leaf appearance and growing degree days (Baker et al., 1986). Itis
notable that the number of leaves on the main stem differed across years with more leaves
counted in 2011-12 compared to 2010-11 (Figures 1 through 4) (Figure 10). In a season
(2011-12) with warmer temperatures and more rainfall the rate of leaf appearance (in
calendar time) was greater than that found in a season with frequent freeze events and less
rainfall (2010-11) (Tables 1 through 4) resulting in more leaves on the main stem in 2011-12
(Figure 10).

As reported by Klepper et al., 1982 and Krenzer and Nipp, 1991, we also found that
tillers did not appear until the main stem had at least three leaves (Figures 1 through 4). As
with leaf development there was a difference between seasons in when tillers were first

found. In the warmer season (2011-12) tillers were noted prior to the start of winter (23
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Dec)(Figures 3 and 4). In 2010-11 no tillers were noted until the second sampling period in
January (Figures 1 and 2). Seeding rate influenced the number of tillers formed (Figures 1
through 4) with more tillers formed at the lower seeding rate.

Management practices such as seeding rate and the timing of N application influenced
the rate of leaf appearance as measured by Pl and seeding rate influenced MLN (Table 7).
Previous research using plants grown in glasshouses has suggested that rate of leaf
appearance for each tiller was similar to that of the main stem (Klepper et al. 1982).
However, under field conditions in North Carolina we found that this was not the case
(Figure 8). The rate of leaf appearance was slower for the high seeding rate compared to he
low rate. Additionally, for each seeding rate, the rate of leaf appearance for mainstem-tillers
T1 and T2 was significantly slower than the rate of leaf appearance on the main stem. At the
high seeding rate the rate of leaf appearance for mainstem-tiller T2 was even slower than
found for mainstem-tiller T1. Similar patterns in MLN were found among the MS, T1, and
T2 and at the same tiller class between seeding rates (Figure 9). Clearly, competition for a
limited resource has an influence on leaf development in a field setting that is not present in a
glasshouse environment. Others have observed that the rate of leaf development on the main
stem can be slower when the plant experiences stress (Krenzer et al., 1991). This is the first
study to document that stress can also influence leaf development among main stem and
tillers on the same plant.

It is difficult to determine the role that N application timing has on leaf development
since there was not a consistent effect of N timing on Pl and no effects of N timing on MLN

(Table 8). At the lower seeding rate N application timing did not significantly change PI at
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any site year (Figure 7). At the higher seeding rates a split N application significantly
reduced Pl at TRS 2011-12 but increased Pl at BC in 2010-11. Differences in fall and winter
temperatures and rainfall could explain the lack of consistency in the response of Pl to N
application timing. All of these observations of the impact of seeding rate, N application
timing, and climate on leaf number and rate of leaf appearance support the idea that under
field conditions stress from nutrients, freeze events, or lack of light influences the rate of leaf
appearance and, in turn, impacts the number of leaves that appear on each tiller and the
number of tillers developed.

Destructive measurements were used to determine the impact of environment and
management on stem and tiller number. The number of stems and tillers initiated differed
across site-years and, within each site-year, were influenced by seeding rate (Figures 11
through 14). Although the rate of leaf appearance and number of leaves for each tiller was
greater in the low seeding rate treatments the number of stems and tillers initiated per unit
area was greater at the higher seeding rate due to more main stems available from which to
produce tillers. The key impact of the significant difference in the rate of leaf appearance
(P1) in the tillers between the low and high seeding rate was found in the number of tillers
that failed to reach maturity. At higher seeding rates stem and tiller numbers m either did
not change or declined during the period from GS 30 to GS 37 while stem and tiller numbers
continued to increase at the lower seeding rate. This was likely due to the rapid rate of leaf
appearance in the tillers at the lower seeding rate when compared to the higher seeding rate
(Figure 8) which resulted in more leaves per tiller (Figure 9) at the lower seeding rate.

Therefore these tillers had more leaf area capable of sustaining continued growth once the
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plant began to develop reproductively. This was even more evident during the period from
GS 37 (flag leaf) to maturity when, in most site-years, the rate of tiller mortality was greater
at the higher seeding rate compared to the lower seeding rate. Tillers with more leaves had a
better chance of sustaining growth and producing seeds than those with fewer leaves. The
end result of more main stems in at the higher seeding rate and less tiller mortality at the
lower seeding rate was that the numbers of productive stems and tillers at harvest were
similar in both the high and low seeding rate.

In summary the increase and decline in tiller numbers in wheat across the growing
season was largely driven by the rate at which leaves appear on each tiller. At lower seeding
rates and, in some environments where N was applied in a split application, the rate of leaf
appearance on each tiller was increased resulting in tillers with more leaves at GS 30. Tillers
with more leaves at GS 30 are more likely to survive to harvest and produce grain. In
contrast, at higher seeding rates the rate of leaf appearance on each tiller was reduced
compared to that found at the lower seeding rate resulting in fewer leaves on each tiller. Asa
result only a few of the very first tillers produced developed enough leaf area to sustain
growth from GS 30 to harvest. This is the reason that under field conditions the number of
productive plants at harvest is often independent of seeding rate. If stress during the period
from emergence to GS 30 could be reduced as it was at both locations in 2011-12 with
warmer temperatures and more rainfall compared to 2010-11 then it is likely that the rate of
leaf development in each tiller would become similar to that in the MS (as observed by
Klepper et al., 1982 under glasshouse conditions). This could lead to more productive tillers

and an increase grain yield and productivity.
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Table 1. Average temperatures and precipitation over a bi-weekly period over the growing
season at TRS in 2010 and 2011 compared to the 30 year averages.

30 yr 30 yr
Average avg. Total avg.

temp. temp. precip.  precip.
°C °C cm cm

10 Nov - 23 Nov 11.55 12.26 0.64 3.78
24 Nov - 7 Dec 7.32 10.16 1.40 3.43
8 Dec - 21 Dec 0.91 8.29 2.51 3.48
22 Dec - 4 Jan 3.02 6.98 1.50 4.37
5Jan - 18 Jan 1.46 6.39 5.92 531
19Jan - 1 Feb 4.55 6.47 1.30 5.18
2 Feb - 15 Feb 6.91 7.18 5.89 4.32
16 Feb - 1 Mar 12.76 8.57 2.39 4.47
2 Mar - 15 Mar 10.73 10.56 3.07 5.44
16 Mar - 29 Mar 12.42 12.62 3.48 5.49
30 Mar - 12 Apr 14.38 14.60 6.71 4.45
13 Apr - 26 Apr 19.09 16.67 3.12 3.91
27 Apr - 10 May 18.17 18.61 2.44 4.55
11 May - 24 May 21.23 20.71 1.02 5.26
25 May - 7 Jun 25.21 22.62 1.98 5.69
8 Jun - 21 Jun 26.64 24.37 0.53 6.05

22 Jun - 30 Jun 27.28 25.35 4.60 11.66
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Table 2. Average temperatures and precipitation over a bi-weekly period over the growing
season at BC in 2010 and 2011 compared to the 30 year averages.

30 yr 30 yr
Average avg. Total avg.

temp. temp. precip.  precip.
°C °C cm cm

11 Nov - 24 Nov 31.45 29.90 0.51 3.30
25 Nov - 8 Dec 25.79 27.52 3.10 3.56
9 Dec - 22 Dec 19.31 25.40 3.33 3.71
23 Dec - 5 Jan 21.53 2411 1.65 4.47
6 Jan - 19 Jan 20.32 23.45 5.84 4.98
20 Jan - 5 Feb 23.20 23.49 2.95 4.62
6 Feb - 19 Feb 25.84 24.38 5.03 3.91
20 Feb - 7 Mar 28.19 26.27 2.90 4.24
8 Mar - 21 Mar 30.02 28.65 1.78 4.88
22 Mar - 4 Apr 28.94 30.83 4.93 4.45
5 Apr - 18 Apr 35.44 32.84 2.95 3.84
19 April - 2 May 39.49 34.92 1.40 4.01
3 May - 16 May 37.76 36.96 0.23 4.70
17 May - 30 May 42.59 38.93 0.99 5.13
31 May - 13 Jun 45.17 40.91 0.28 5.33
14 Jun - 30 Jun 45.16 42.65 3.28 5.69

29
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Table 3. Average temperatures and precipitation over a bi-weekly period over the growing
season at TRS in 2011 and 2012 compared to the 30 year averages.

30 yr 30 yr
Average avg. Total avg.

temp. temp. precip.  precip.
°C °C cm cm

10 Nov - 23 Nov 14.62 12.26 3.20 3.78
24 Nov - 7 Dec 11.69 10.16 1.04 3.43
8 Dec - 21 Dec 9.01 8.29 1.24 3.48
22 Dec - 4 Jan 8.89 6.98 0.97 4.37
5Jan - 18 Jan 8.06 6.39 2.90 531
19 Jan -1 Feb 10.06 6.47 3.84 5.18
2- Feb - 15 Feb 6.69 7.18 2.95 4.32
16 Feb - 29 Feb 10.08 8.37 5.94 4.47
1 Mar - 14 Mar 12.63 10.40 5.00 5.38
15 Mar - 28 Mar 18.67 12.50 6.15 5.54
29 Mar - 11 Apr 15.53 14.44 2.11 4.52
12 Apr - 25 Apr 15.86 16.51 2.67 3.91
26 Apr - 9 May 20.96 18.49 2.13 4.47
10 May - 23 May 19.86 20.56 8.33 521
24 May - 6 Jun 22.90 22.50 6.81 5.69
7 Jun - 20 Jun 22.24 24.25 3.23 6.02

21 Jun - 29 Jun 24.49 25.22 8.20 11.63
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Table 4. Average temperatures and precipitation over a bi-weekly period over the growing
season at PRS in 2011 and 2012 compared to the 30 year averages.

30 yr 30 yr
Average avg. Total avg.

temp. temp. precip.  precip.
°C °C cm cm

15 Nov - 28 Nov 12.88 9.37 8.71 3.56
29 Nov - 12 Dec 7.76 7.10 5.97 3.56
13 Dec - 26 Dec 9.58 5.46 3.91 3.56
27 Dec - 9 Jan 6.48 4.60 241 3.81
10 Jan - 23 Jan 5.82 4.31 3.96 4.01
24 Jan - 6 Feb 9.09 5.06 0.86 4.27
7 Feb - 20 Feb 5.38 6.31 1.75 4.60
21 Feb - 5 Mar 10.13 7.92 3.81 4.80
6 Mar - 19 Mar 14.50 10.36 0.81 4.95
20 Mar - 2 Apr 18.38 12.52 6.12 4.50
3 Apr - 16 Apr 15.04 14.56 2.49 3.96
17 Apr - 30 Apr 16.18 16.51 1.14 3.76
1 May - 14 May 20.46 18.41 9.98 4.14
15 May - 28 May 21.50 20.44 6.53 4.42
29 May - 13 Jun 22.42 22.66 10.08 4.62

14 Jun - 29 Jun 24.01 24.48 0.00 4.62
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Table 5. Analysis of variance table for leaf number at each location (BC = Beaufort County,
TRS = Tidewater Research Station and PRS = Piedmont Research Station) during the 2010-
11 and 2011-12 growing seasons.

Locations

BC TRS PRS TRS

Source of Variation ~ DF 2010-11 DF 2010-11 DF 2011-12 DF 2011-12
Sampling period (SP) 4 ookt 4 *k % 3 ok K 3 * kK
Seeding rate (seedrt) 1 ** 1 ok ok 1 ** 1 Kok ok
N timing (splitN) 1 NS 1 NS 1 NS 1 NS
SP*splitN 4 NS 4 NS 3 NS 3 NS
seedrt*splitN 1 NS 1 NS 1 *k % 1 NS
SP*seedrt*splitN 4 NS 4 NS 3 * 3 NS
Tiller class (tillclass) 10 ok x 11 *k ok 11 *kk 11 ok ok
seedrt*tillclass 5 koK 6 *kk 9 *Hk 9 ok ok
SP*seedrt*tillclass 10 ok k 8 *okok 14 *kk 8 ok
splitN*tillclass 10 * 8 NS 11 NS 11 NS
SP*splitN*tillclass 15 NS 9 NS 15 NS 11 NS
seedrt*splitN*tillclass 5 NS 4 NS 8 NS 9 ok

SP*seedrt*splitN*tillclass 8 NS 7 NS 11 NS 11 *

T *, ¥* *** indicates significance at the 0.05, 0.01 and 0.001 significance level.
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Table 6. Range in phyllochron interval (P1) and regression coefficients (r?) for main stems and the first two mainstem-tillers (T1
and T2) at each location (BC = Beaufort County, TRS = Tidewater Research Station and PRS = Piedmont Research Station) in
each treatments from individual plant measurements. Values of r® are only shown for main stems and mainstem-tillers where three
or more sample periods were available.

Seeding Rate = 193 seeds m? Seeding Rate = 676 seeds m?
Single N Application Split N Application Single N Application Split N Application
Plants/Sampling Plants/Sampling Plants/Sampling Plants/Sampling
Dates Dates Dates Dates
Stem Used in r Used in Used in P Used in
Location Class calculating PI Pl Range Range calculating PI Pl Range v Range calculating PI Pl Range Range calculating PI Pl Range v Range
0.97 - 0.97 - 0.93- 0.95 -
BC10-11 Main (25/4) 99-123 0.99 (25/4) 99-130 0.99 (25/4) 109-147 0.99 (25/4) 99-129 0.99
0.90 - 0.90 - 0.91- 0.90 -
BC 10-11 T1 (24/3)(1/2)* 109-219 0.98 (23/3)(2/2) 109-164 0.98 (14/3)(9/2) 88-174 0.99 (13/3)(10/2) 110-337 0.99
0.90 - 0.90 - 0.91- 0.73 -
BC 10-11 T2 (12/3)(12/2) 123-219 0.98 (21/3)(3/2) 123-183 0.99 (3/3)(18/2) 110-220 0.99 (10/3)(10/2) 223-332 0.99
0.95 - 0.95- 0.95- 0.95 -
TRS 10-11 Main (25/4) 87-147 0.99 (25/4) 109-147 0.99 (25/4) 109-127 0.99 (25/4) 109-147 0.99
0.90 - 0.90 - 0.94 - 0.84 -
TRS 10-11 T1 (25/3) 123-184 0.98 (25/3) 123-184 0.99 (18/3)(7/2) 123-184 0.99 (23/3)( 2/2) 123-221 0.99
TRS 10-11 T2 (25/2) 111-328 N/AF (25/2) 94-164 N/A (25/2) 131-338 N/A (25/2) 132-330 N/A
0.84 - 0.98 - 0.84- 0.64 -
PRS 11-12 Main (25/3) 96-149 0.98 (25/3) 96-144 0.80 (25/3) 98-196 0.99 (25/3) 117-154 0.98
0.80 - 0.80 - 0.80- 0.80 -
PRS 11-12 T1 (25/3) 117-149 0.98 (22/3)(3/2) 83-149 0.98 (25/3) 117-196 0.99 (25/3) 117-196 0.98
0.84 - 0.80 - 0.64- 0.64 -
PRS 11-12 T2 (20/3)(5/2) 98-149 0.98 (21/3)(4/2) 117-149 0.98 (8/3)(17/2) 117-225 0.99 (17/3)(8/2) 120-225 0.98
0.85 - 0.85- 0.83- 0.94 -
TRS 11-12 Main (25/3) 97-153 0.99 (25/3) 97-153 0.99 (25/3) 97-193 0.99 (25/3) 99-148 0.99
0.64 - 0.91- 0.91- 0.83 -
TRS 11-12 T1 (22/3)(3/2) 95-211 0.99 (22/3)(3/2) 114-202 0.99 (12/3)(12/2) 114-236 0.99 (20/3)(5/2) 84-185 0.99
0.84- 0.91- 0.95- 0.85-
TRS 11-12 T2 (12/3)(13/2) 114-278 0.99 (11/3)(14/2) 114-202 0.99 (7/3)(16/2) 114-193 0.99 (5/3)(19/2) 114-193 0.99

1 r* values could not be calculated for plants with only two sampling periods

+ When the total number of plants used to estimate PI for T1 or T2 is less than 25 for a given treatment combination, it indicates there were
main-stem tillers which had leaves at only one sampling period.
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Table 7. Analysis of variance for pyllochron interval (PI) and maximum leaf number (MLN)
in response to site year, seed rates, N application timing, and mainstem-tiller classification.

Source of Variation DF Pl MLN
Site Year (Siteyr) 3 NS Hokk
Seedrt 1
Siteyr*Seedrt 3
Split_N 1
Siteyr*Split_N 3
Seedrt*Split_N 1 NS NS
Siteyr*Seedrt*Split_N 3 & NS
Tiller Class (Tillerclass) 2 NS ok k
6
2
6
2
6
2
6

* % % * % %

NS NS
NS NS

Siteyr*Tillerclass A S
Seedrt*Tillerclass
Siteyr*Seedrt*Tillerclass
Split_N*Tillerclass
Siteyr*Split_N*Tillerclass
Seedrt*Split_N*Tillerclass
Siteyr*Seedrt*Split_ N*Tillerclass

* %k %k %k

NS NS
NS NS
NS NS
NS NS
NS NS

* k% **Xindicates significance at the 0.05, 0.01 and 0.001 significance level.
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Table 8. Analysis of variance for destructive tiller sampling at each location (BC = Beaufort
County, TRS = Tidewater Research Station and PRS = Piedmont Research Station) during
the 2010-11 and 2011-12 growing seasons.

Locations
BC TRS PRS TRS

Source of Variation DF 2010-11 DF 2010-11 DF 2011-12 DF 2011-12

Sampling Period (SP) 4 ek 4 ok ok 3 eokok 3 ko
seeding Rate (Seedrt) 1 * 1 * 1 % 1 *
SP*seeding rate 4 * ok ok 4 * 5k K 3 * %k k 3 * %k
split N 1 * 1 NS 1 NS 1 NS
SP*split N 4 ok 4 NS 3 NS 3 NS
seedrt*split N 1 NS 1 NS 1 NS 1 NS
SP*seedrt*split N 4 NS 4 NS 3 NS 3 NS

t ¥, ** ***indicates significance at the 0.05, 0.001 and 0.0001 significance level.
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Figure 1. Change in leaf number due to accumulation in heat units for both the main stem
and all identified mainstem-tillers at Beaufort County location in 2010-11. Points with
different letters within and between figures represent significant differences at p < 0.05.
Mainstem-tillers above T4 were not marked for significance.
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Figure 2. Change in leaf number due to accumulation in heat units for both the main stem
and all identified mainstem-tillers at Tidewater Research Station location in 2010-11. Points
with different letters within and between figures represent significant differences at p < 0.05.
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Figure 3. Change in leaf number due to accumulation in heat units for both the main stem
and all identified mainstem-tillers at Piedmont Research Station location in 2011-12. Points
with different letters within and between figures represent significant differences at p < 0.05.
Mainstem-tillers above T5 were not marked for significance.
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Figure 5. Leaf number averaged across sample periods for main stems and mainstem-tillers
T1, T2, and T3 for single and split N treatments at Beaufort County in 2010-11. Letters
represent significant differences P = 0.05.
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Figure 11A. Tiller number measured in destructive samples across seeding rates in Beaufort
County in 2010-11. Error bars represent significant difference P=0.05. Figure 11B. Tiller
number measured in destructive samples across nitrogen application timing in Beaufort
County in 2010-11. Error bars represent significant difference P=0.05.
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Figure 12. Tiller number measured in destructive samples across seeding rates at the
Tidewater Research State in 2010-11. Error bars represent significant difference

P=0.05.
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Figure 13. Tiller number measured in destructive samples across seeding rates at
the Piedmont Research Station in 2011-12. Error bars represent significant

difference P=0.05.
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Figure 14. Tiller number measured in destructive samples across seeding rates at the
TidewaterResearch Station in 2011-12. Error bars represent significant differences
P=0.05.



