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Introduction of later maturing cultivars of perennial ryegrass (Lolium perenne

L.) places more seed production fields in a period of drought common to Oregon

during vital stages of reproductive development. During these stages, the final yield of

the crop is largely determined by the number of seeds set, and the development of

individual seed weight. There is belief that water deficit during these periods may

drastically reduce yield, which could be eliminated with properly timed spring

irrigation. Therefore, this study was undertaken to (i) determine crop water use and

water use efficiency of both irrigated and non-irrigated perennial ryegrass cultivars,

(ii) observe any water use differences as a result of cultivar differences in perennial

ryegrass, (iii) compare seed yield and seed yield components of different cultivars

within irrigated and non-irrigated treatments, and (iv) determine appropriate timing

and amount of irrigation to apply if it is revealed that irrigation enhances yield.

A linear irrigation system was used to apply irrigation to six cultivars of

perennial ryegrass in the crop years 2003 and 2004. In 2003 from 1 March to 25 July,

285 mm of water was consumed by non-irrigated plants, 365 mm when soil profile

was filled once prior to peak anthesis, and 388 mm when soil moisture was maintained
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within 50 mm of field capacity to peak anthesis. In 2004 from 1 March to 8 July, non-

irrigated plants consumed 279 mm of water, 353 nmi from treatment to fill soil profile

once, and 482 mm from treatment that maintained soil moisture up to peak anthesis.

No statistical difference was observed in water use efficiency between treatments in

2003. In 2004 an interaction was observed between cultivars and irrigation, thus

cultivars responded differently to irrigation. Contrasts revealed that cultivars

responded differently with respect to water use efficiency.

In 2003, irrigation to maintain soil moisture resulted in a 27% increase in yield,

18% due to an increase in seed number, and 8% due to an increase in seed weight.

Irrigation to fill profile once resulted in a 21% increase in yield, 14% due to an

increase in seed number, and 6% due to an increase in seed weight. In 2004 a cultivar

by irrigation interaction was observed for total yield, seed weight, and seed number.

Seed yield was increased by irrigation in all cultivars.

In 2003, irrigation to maintain soil moisture began 3 June and corresponded

with the beginning of anthesis, and proceeded to peak anthesis, 11 June. No rainfall

was received during this period, or the period of seed fill which followed. In 2004

irrigation to maintain soil moisture began 29 April, and continued to peak anthesis, 4

June. Irrigation to fill profile once occurred between 3 June and 7 June in 2003, and

between 31 May and 4 June in 2004. In 2004 significant rainfall occurred after peak

anthesis during the period of seed fill. Data from both years suggest that irrigation to

alleviate water deficit from the onset of anthesis through peak anthesis provides the

plant with sufficient water to increase individual seed weight and seed set, thus

improving overall yield.
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SPRING IRRIGATION MANAGEMENT OF PERENNIAL RYEGRASS (Lolium
perenne L.) SEED PRODUCTION

INTRODUCTION

Oregon is the world's leading producer of perennial ryegrass (Loliumperenne) seed.

Oregon's climate on average provides sufficient precipitation to eliminate water stress

during vegetative development in the fall, winter, and spring. However, water deficit

is more common in late spring coinciding with inflorescence and seed development

(Agrimet, 2003). With plant breeders releasing later maturing cultivars, and with

availability of irrigation increasing, the question arises of whether irrigated perennial

ryegrass seed production is an agronomically and economically beneficial practice.

To date, only two studies have evaluated irrigation of perennial ryegrass seed

crops. Hebblethwaite (1977) and Hebblethwaite and McGowan (1977) studied the

effect of irrigated perennial ryegrass seed production for three years in Great Britain.

Increases in seed yield of 16% and 52% were observed in two of the three years.

Response to irrigation was strongly associated with the growth stage under stress at

the time of irrigation. When soil water deficit occurred early in the development of the

plant, the number of fertile tillers was reduced. When water deficit occurred later, the

inflorescence and developing seed were most impacted by water stress

(Hebblethwaite, 1977).

Seed yield in perennial ryegrass can be defined as the product of yield

components that develop during the life cycle of the plant. Potential seed yield can be

determined by evaluating the number of fertile tillers, spikelets per spike, and florets
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per spikelet. Actual yield, realized at harvest, is determined by two components; seed

weight, and seed number.

Previous research has shown perennial ryegrass converts only a small percentage of

potential yield to harvested seed. Breeding efforts do not typically place as much

emphasis on selecting for seed production traits as much as selection for turf quality;

thus, efforts to increase seed yield are concentrated on cultural practices.

In the Willamette Valley, irrigation is not a typical cultural practice in

perennial rye grass as natural precipitation provides sufficient moisture for vegetative

development. However, later maturing cultivars may be exposed to periods of drought

stress during the later phases of reproductive development. Alleviation of this stress

with supplemental irrigation may increase seed yields.
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LITERATURE REVIEW

1. Irrigation and Seed Production in Grasses

Considerable work has been done on the effects of water deficit and irrigation

of turf and forage production systems (Van Loo, 1992; Amin and Thomas, 1996).

Unfortunately, little research has been conducted on the effects of water deficit and

irrigation of perennial grass seed production. To date, there are only two known papers

on the effect of irrigation in perennial rye grass seed production.

Irrigation of Cool Season Perennial Grasses

Flebblethwaite (1977), and Hebblethwaite and McGowan (1977) documented a

study conducted in Great Britain during two dry years, 1972 and 1974, and one wet

year, 1973. Plots were irrigated to maintain a soil water deficit of less than 50 mm

from field capacity. The soil was a coarse loam with a considerable amount of stones.

Maximum soil water deficit in 1972 and 1974 reached 109 mm without irrigation. In

1972, 104 mm of irrigation was applied and a 16% increase in seed yield was

observed. In that year, 180mm of natural rainfall occurred in the four months prior to

harvest. During the same period in 1974, 146 mm of rainfall occurred, and irrigation

increased yield by 57%. Onset of water deficit occurred earlier and built more rapidly

in 1974, and alleviation of this deficit increased yield more than in 1972

(Hebblethwaite, 1977; and Hebblethwaite and McGowan, 1977).

In 1972, yield increase was due only to an increase in the number of seeds per

unit area (determined from anthesis onwards). In 1974, tiller number, 1000 seed

weight, and number of seeds per unit area were affected. The greater seed yield
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response to irrigation in 1974 may indicate that either stress at different stages is

additive in relation to yield, or that some particular stage of growth prior to anthesis is

more sensitive to water deficit stress than others. Data from 1973 was not included, as

natural rainfall was greater than average and maintained a soil water deficit similar to

the irrigation treatments (Hebblethwaite, 1977; and Hebblethwaite and McGowan,

1977).

Two studies have been conducted on irrigation in cool-season perennial grass

seed crops in Oregon: one on orchardgrass (Dactylis glomerata) in the Willamette

Valley (Rampton and Jackson, 1969), and one on Kentucky bluegrass (Poapratensis)

in Central Oregon (Mitchell et al., 1996).

Rampton and Jackson (1969) studied the effect of fall, spring irrigation alone,

and the combined effects of fall and spring irrigation in orchardgrass for one year.

They observed no increase in seed yield with any of the irrigation treatments.

However, rainfall four months prior to harvest was 402 mm (19 1% of normal), and

similar to the 1973 trial reported in the Hebblethwaite studies, supplied the crop with

sufficient water for growth. Rampton and Jackson postulated that irrigation would

have potentially impacted seed yield under two cases: (1.) when prolonged drought in

fall or early winter reduces the number and vigor of new tillers, and (2.) when drought

causes water deficit stress during heading, pollination, or seed development (seed fill).

Mitchell et al. (1996) studied the effects of irrigation cutoff dates on seed yield

and water use of irrigated Kentucky bluegrass seed production in Central Oregon.

Plants were irrigated at scheduled intervals determined by soil water deficit. Irrigation



in this region typically ends in mid-June to permit crop drying prior to harvest.

Irrigation treatments consisted of an early cutoff (10 June), a mid cutoff (17 June), and

a late cutoff (24 June). No increase in dry matter production was observed for any

treatment. Contrary to conventional wisdom, the later cutoff date yielded less than the

mid cutoff date which resulted in the highest seed yield. The authors recommended

further replication of this study to substantiate these results.

K is a dimensionless crop coefficient for a particular crop at a given growth

stage. It is defined as the ratio of observed daily crop evapotranspiration to the known

daily evapotranspiration of a reference crop, often alfalfa. Kentucky bluegrass was

observed to have a similar water-use pattern as grain in which K decreases late in the

season as the plant shifts from vegetative growth to reproductive growth and

reallocates assimilates (Mitchell et al., 1996).

Lambert (1967), in an irrigation and nitrogen study of timothy (Phi uem

pretense) seed production, observed that irrigation reduced the proportion of lightest

seeds by 7%, and compared with no irrigation, increased the production of heavier

seeds in all three years. An increase in the number of spikes after irrigation was also

observed and indicated that the stage of development associated with inflorescence

initiation is particularly susceptible to water deficit. These results are similar to the

findings of May and Milthorpe (1962), who concluded that in cereals the period of

reproductive development is most susceptible to water stress.

Wheat



Considerable work has been done on the effects of water deficit on grain

production in wheat (Triticum aestivum L.). Entz and Fowler (1989) observed that

irrigating to approximately 150% of normal growing season (May through harvest)

precipitation resulted in a yield increase in 5 of 7 trials. Parameswaran et al. (1984)

observed that the greatest effect of irrigation in wheat was an increase in grain size,

which accounted for most of the grain yield response to irrigation.

In general, spike and spikelet numbers in wheat are determined well before

anthesis, grain number near anthesis, and grain size between anthesis and maturity.

These components of yield were observed to exhibit considerable plasticity of

expression depending on the sequence of environmental conditions throughout the

growing season (Evans et al., 1975).

Dubetz et al. (1973) found that in spring wheat, moisture stress severely

reduced grain yield, primarily by decreasing the number of kernels per spike. They

found that when spikelets were differentiated, the number of florets was fixed.

However, stress during this period decreased the number of floral primordia that

developed into kernels. The effects of water stress were most pronounced on the

development of spikelets.

Dubetz et al. also concluded that timing of water deficit stress was what

determined the effect of the stress. The plant part that is most actively growing at the

time of water stress will be the most negatively impacted by that stress. This supports

work done by Slavik (1966), who stated that water stress at all stages of growth
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reduced the yield of spring cereals, but that the deleterious effects of water deficits

were most pronounced in tissues and organs that were in stages of most rapid growth.

Johnson and Moss (1976) found that kernel weight was the only yield

component significantly influenced by water stress. In their trial, the stress treatment

caused a 14% reduction in kernel weight, and a 20% reduction in grain yield. They

also found that under conditions of drought, the spike was responsible for a greater

proportion of canopy photosynthesis. Translocation of assimilate from leaves to spike

was not inhibited by stress (Johnson and Moss, 1976). This is in agreement with Palta

et al. (1994), who observed that under a rapid development of water deficit, the

amount of post-anthesis carbon assimilation was reduced by 57%, without effective

translocation of assimilates.

Dry matter accumulation was not initially affected by water deficits, but

terminated earlier in stressed plants. They concluded that it was unlikely that the

earlier cessation of grain growth in stressed plants was caused by insufficient

assimilate. Stressed grains matured in advance of plants with adequate water. In all

trials, it was observed that plants receiving adequate water produced heavier seeds

than stressed plants (Brooks et al., 1982).

Kobata et al. (1992) found that the rate of development of water deficit had a

marked effect on grain yield. Under rapid development of water deficit, grain yield

was reduced by 33% at maturity. They concluded that yield reduction was due to a

reduction in grain size, not number. Furthermore, it was found that reduction of grain

size in stressed plants was the direct result of premature cessation in grain growth.
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Musick and Dusek (1980) found that high temperatures and evaporative

demand caused an early termination in grain fill and senescence of surrounding tissue

in wheat.

Sofield et al. (1977) concluded that in wheat, yield was determined not only by

the rate of grain growth, but also the duration of grain filling. For all floret positions,

and within each cultivar studied, there was a high correlation (r = 0.962) between

growth rate and final kernel weight. Duration of grain growth was also significantly

correlated to final kernel weight (r 0.875). Johnson et al. (1982) observed that the

longest duration of grain fill occurred when pre-anthesis and post-anthesis soil

moisture was maintained at high levels (no stress). Conversely, the shortest period of

grain fill duration was observed when low levels of pre-anthesis and post-anthesis soil

water were maintained.

The effects of water deficit on photosynthesis and assimilate allocation has

also been closely observed for wheat. Wardlaw (1967) observed that development of

grain, which constituted the main sink for the flag leaf assimilates, was initially

unaffected by water deficit that caused wilting and reduced photosynthesis, but as

stress persisted movement of assimilates to the spike from lower parts of the plant

began. Wardlaw concluded that this priority of assimilate allocation was the reason for

observed reductions in tiller growth and stem dry weight in stressed plants. Campbell

et al. (1977) observed lower kernel weight in dryland wheat and concluded that it was

caused by reduced translocation of assimilates from vegetative tissue to the developing

grain. Similarly, Entz and Fowler (1988) concluded that kernel weight was most



influenced by water stress prevalent after anthesis (grain fill) and could be due to a

reduction in leaf area resulting in less assimilate production (photosynthesis) and

hence, less kernel filling. Palta et al. (1994) observed some compensation of this effect

as remobilization of stored pre-anthesis assimilates to the seed was increased by 36%

under conditions of water stress. Johnson et al. (1982) concluded that reductions in

kernel weight due to post-anthesis water stress are usually associated with reduced

photosynthesis due to increased stomata resistance.

Maize

Considerable work has been conducted on the effects of irrigation in the

production of corn (Zea maize L). Calvino et al. (2003) found that 84% of the

variation in yield observed in corn can be attributed to water availability during

flowering.

Quattar et al. (1987) found that kernel growth is most sensitive to water

deficits during endosperm cell division. This period was considered a lag period after

fertilization, but prior to seed filling. During the lag phase cell division within the

endosperm is rapid, and the potential size of the kernel is set. Higher sensitivity to

water deficit during the lag phase was not a consequence of either lack of

carbohydrate availability to the grain, or an inhibition of starch synthesis, but was

apparently due to an inhibition of endosperm cell division and subsequent

establishment of kernel sink capacity. Logically it makes sense that stress during this

period would reduce the sink capacity, and thus reduce kernel size, even if adequate

assimilate is available during seed filling (Quattar et al., 1987).



10

Eck (1986) observed that water deficits during vegetative growth reduced

kernel numbers, but had little effect on weight per kernel. Water deficits during grain

fill did not affect leaf and stalk yields, but reduced ear yields. Kernel number was not

affected by water deficit during the grain fill period, thus grain yield reductions during

grain filling were proportional to reductions in weight per kernel.

Similar to wheat, grain water relations in corn had an effect on the duration of

grain fill. Water stress during grain fill caused reduction inwater content of grain

earlier than grains produced on plants of the same age and growth stage that were

provided adequate water. Reduction in grain water content suggests that grain

desiccation may have been initiated prematurely by water deficit, and could lead to an

early cessation of dry matter accumulation, and as a result produce smaller grains

(Westgate etal., 1989).

Robins and Domingo (1953) observed that deficits 6-8 days following

pollination reduced grain yield by as much as 50%. Yield reductions due to an absence

of water after the fertilization period appeared to be related to the maturity of the grain

when available water was removed. Early termination of grain fill was directly related

to water deficit during that period.

Although a grass, it must be remembered that corn is a C4 photosynthetic plant,

and may respond differently to water stress than temperate C3 grasses.

2. Water Deficit and Seed Production in Grasses

Work under controlled environment conditions has shown that in flowering

ryegrass, tillering is particularly sensitive to drought. Drought suppressed regrowth of
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flowering plants by 55% (Thomas and Evans, 1990). In the field, drought reduced

herbage growth rate of perennial ryegrass to 17% of an irrigated treatment (Amin and

Thomas, 1996). Drought reduced the herbage growth of simulated swards of

perennial ryegrass by 63% (Thomas and Evans, 1991).

Most rapid growth in perennial ryegrass takes place during the reproductive

period (Parsons and Robson, 1981). During this period the plant is most sensitive to

water stress due to the rapid growth of tissue.

Despite being sensitive to drought in this period, Warringa (1996) found that

competition for carbohydrates or N between the seeds and new vegetative tillers

developing after anthesis is not a major contributor to low seed yields, and that

processes within the spike itself are most likely responsible for limited yield.

Warringa et al. (1998) found that an important factor to seed weight is duration

of seed fill, which they concluded was responsible for 30% of variation observed in

seed dry weight. Furthermore, they found that assimilate partitioning and relations

between seeds in the inflorescence are largely determined at or prior to anthesis.

Factors controlling inflorescence development determine the ovule dry weight at

anthesis, and thereby determine to a large extent the final seed dry weight. This work

points out similarities to wheat and corn with respect to grain fill.

In grass, a lag phase of 10 days after fertilization was observed during which

rapid cell division within the ovule took place (Hyde et al., 1959; Anslow, 1964).

Quattar et al. (1987) observed a similar lag phase in corn and found that drought stress
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during endosperm cell division largely determines the final dry weight by setting the

potential sink size of each kernel.

Warringa (1998) observed that approximately 60% of differences in seed dry

weight along a perennial ryegrass ear were attributable to differences in growth rate,

and about 30% to differences in the duration of seed growth (seed fill). Warringa

concluded that the main factor determining seed growth rate was the dry weight of the

ovule at anthesis.

Anslow (1964) observed that seed produced from early-emerging

inflorescences were 67% heavier and reached harvestable seed water content more

rapidly than seed in late formed inflorescences.

Colvill and Marshall (1984) found growth of seeds to be relatively independent

of leaves for current assimilates. In contrast to other species, the lower internodes of

the stem rather than the inflorescence were the major sink for assimilate from leaves

during the post-anthesis period in grass. Colvill and Marshall concluded that growth of

the seed was unlikely to be limited by supply of assimilate.

Ong et al. (1978) determined that all parts of the inflorescence, especially the

lemmas and glumes and later the rachis, assimilate carbon to the developing seed.

They found that the inflorescence was by far the most important assimilatory organ of

the reproductive tiller, particularly over the latter period of seed development as

senescence progressed. This supports Clemence and Hebblethwaite (1984), who found

that the longevity of spike photosynthetic activity exceeds that of all other plant parts

in perennial ryegrass, and much of the carbohydrate utilized in the final stages of seed
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development is therefore derived from spike photosynthesis. The seed is an organ that

is able to grow and develop almost independently from assimilates derived from other

regions of the plant.

Norris (1982) found that the specific leaf weight of plants exposed to drought

was significantly higher than plants having an adequate supply of water. He concluded

that this may have been due to an accumulation of photosynthates within the leaves,

and the inability of the plant to translocate them under stress conditions. Griffith and

Chastain (1997) reported that under water stress carbohydrate and mineral

translocation to young tillers is reduced or terminated. This supports the theory that

under stress the plants ability to translocate assimilates is reduced.

The effects of simulated and natural (field) drought on photosynthesis in

perennial ryegrass has been well documented. Sheeny et al. (1975) studied the effects

of simulated drought on the photosynthesis of a perennial ryegrass sward. They found

that canopy photosynthesis did not decline immediately when water was withheld, but

continued at an undiminished rate for several days, and thereafter fell rapidly. Jones et

al. (1980) observed that plants reacted more gradually to water stress induced in the

field. They concluded that the response of grass to water stress can be interpreted as a

combination of drought avoidance (reduced leaf area) and drought tolerance

(continued photosynthesis). This strategy of continued canopy photosynthesis (albeit

at a reduced rate because of partial stomata closure and reduced leaf area) enables the

plant to remain in positive carbon balance even under prolonged drought, and to

resume growth when stress is relieved. In grass, leaves that develop under progressive
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stress become adapted in such a way as to insure the maintenance of photosynthesis

(Jones et al., 1980). Lower osmotic potential, which occurs in stressed plants,

minimizes reduction in photosynthesis and ensures that leaf extension continues albeit

at a slower rate (Jones et al., 1980).

Summary

The literature makes one point abundantly clear; the tissue that is growing

most rapidly at the time of water stress will be the tissue that is most severely affected.

A plant's ability to compensate for stress at specific developmental periods in an

attempt to alleviate seed yield loss is variable, and is dependent on environmental,

management, and genetic factors.

In grass, corn, and wheat, water stress during endosperm cell differentiation is

a major contributor to seed yield loss. Stress during this period reduces the potential

sink size of individual seeds, which in turn, sets the final dry weight of the seed

regardless of available assimilate during seed fill.

After the potential seed sink has been set, the duration and growth rate of the

seed plays a major role in the harvested seed yield. Yield can thus be defined as the

mathematical product of seed number and seed weight. The studies cited here indicate

that the most important seed yield component is seed weight. The literature points out

that in corn and wheat, the plant is readily able to compensate for reduced seed

number by increasing individual seed weight. In both corn and wheat, the duration of

seed fill, which ultimately determines final dry weight, was cut short by water stress.

Therefore, yield loss is inevitable if adequate water is not supplied during seed fill.
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During seed fill, supply of assimilates to grass seeds appears to occur

independently of tissues outside the inflorescence. This reduces the possibility of

decreased seed weight from lack of translocated assimilates from other parts of the

plant to the seed during water stress. Furthermore, if translocation of assimilates to the

seed from tissues outside the inflorescence were to occur during water stress, the plant

would be able to maintain a supply of these assimilates despite reduced photosynthesis

(Jones et al., 1980).

The literature suggests the most sensitive periods of drought stress that could

significantly reduce yield in grass seed occurs at anthesis, during the lag phase, and

during seed fill. Ultimately, seed yield loss resulting from water deficit stress in grass

can be attributed to either reduced seed set (seed number), reduced seed fill (seed

weight), or a combination of the two.
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MANUSCRIPT I: IMPACT OF SPRING IRRIGATION MANAGEMENT ON SEED
YIELD COMPONENTS OF SIX PERENNIAL RYEGRASS CULTIVARS

ABSTRACT

Perennial ryegrass seed production is characterized by low conversion of

potential yield to actual yield at harvest. Research estimates that the actual yield at

harvest is often only 10% of the yield potential (Hebblethwaite et al. 1980). The

number of seeds set and development of these seeds occurs after anthesis, and in

Oregon typically coincides with drought. Alleviation of water deficit during this

period could serve as a cultural practice to improve actualized yield in perennial

ryegrass. The objectives of this study were to determine the effect of spring irrigation

in perennial ryegrass seed yield, and elucidate the optimum rate and time to apply

irrigation.

Tiller number, dry weight, spike length, spikelet number, and number of florets

per spikelet were measured to determine seed yield potential of six perennial ryegrass

cultivars. Seed weight, seed number, and total yield were analyzed after seed was

cleaned in 2003 and 2004. Three irrigation treatments were established: non-irrigated

control, irrigation to fill the soil profile once at onset of anthesis, irrigation to maintain

soil water content within a 50 mm deficit of field capacity. In 2003, irrigation began 3

June and concluded 11 June. Ninety-two mm of water was applied to fill the profile,

and 113 mm was applied to maintain soil moisture. In 2004, irrigation began 29 April

and concluded 4 June. Irrigation to fill the profile received 95 mm water, 219 mm to

maintain soil moisture, respectively.
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Seed yield was increased 20% with irrigation to fill the soil profile, 27% with

irrigation to maintain soil moisture in 2003. Comparing no irrigation to irrigation to

maintain soil moisture yield increase was due to an 18% increase in seed number and

an 8% increase in seed weight. The magnitude of response to irrigation in 2004 was

different among cultivars, and resulted in an irrigation by cultivar interaction. Despite

the differences, all cultivars responded to irrigation positively with a corresponding

increase in yield. Irrigation increased 1000-seed weight in all cultivars, and seed

number in five of the six cultivars studied in 2004.

The remaining seed yield components were not affected by irrigation either

year. Irrigation to fill the soil profile once at the onset of anthesis provided the plants

with adequate water to both seed set and development.
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INTRODUCTION

Oregon is the world's leading producer of perennial ryegrass(Lolium perenne

L.) seed. Oregon's climate on average provides sufficient precipitation to eliminate

water stress during vegetative development in the fall, winter, and spring. However,

water deficit is more common in late spring coinciding with inflorescence and seed

development. Introduction of later maturing cultivars of perennial ryegrass places

more seed production fields in drought conditions during these periods.

Potential yield of perennial ryegrass can be estimated as the product of fertile

tillers, spikelets per spike, and florets per spikelet. In Oregon these yield components

are typically set prior to the onset of drought conditions. Final yield is the product of

seed number and individual seed weight. These two components are determined from

the onset of anthesis to the termination of seed fill. This period often coincides with

drought in Oregon.

Harvested seed number is determined by site utilization; i.e., seed set during

reproductive development. Mechanical losses due to shattering and harvest machinery

can be assumed as consistent regardless of irrigation. Perennial ryegrass

characteristically has low number of seeds harvested in proportion to potential yield

(Hebblethwaite et al., 1980).

Seed weight is largely determined after anthesis during a two week period of

seed development (Hyde et al., 1959). During this period assimilate translocation to

the developing seed determines the final seed weight. Irrigation prior to this period
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would provide the plants with adequate moisture and eliminate any effects of drought

on the translocation of assimilate to the seed, potentially increasing seed weight.

To date, only two studies have evaluated irrigation of perennial ryegrass seed

crops. Hebblethwaite (1977) and Hebblethwaite and McGowan (1977) studied the

effect of irrigated perennial ryegrass seed production for three years in Great Britain.

Increases in yield of 16% and 52% were observed in two of the three years. Response

to irrigation was strongly associated with the growth stage under stress at the time of

irrigation. When soil water deficit occurred early in the development of the plant, the

number of fertile tillers was reduced. When water deficit occurred later, the

inflorescence and developing seed were most impacted by water stress

(Hebblethwaite, 1977).

The scope of this study is to evaluate the physiological response of perennial

ryegrass to spring irrigation management with regard to seed production. This study

will provide increased knowledge of water use trends in field grown perennial

ryegrass during key periods of reproductive development. An area where currently

little knowledge exists. In addition, recommended rates and optimum timing of

irrigation will be available to all perennial ryegrass seed producers in Oregon and

elsewhere.
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MATERIALS and METHODS

The experiment was conducted at Oregon State University's Hyslop Research

Farm near Corvallis, Oregon over a two-year period. The experimental design was a

randomized strip-plot design with four replications of three irrigation main effect

treatments, and six subplot cultivar treatments. The soil was a Woodburn silt loam

(fme-silty, mixed, mesic Aquultic Argixeroll). Trials were initiated in May of 2003.

Six cultivars of perennial ryegrass were selected: Cutter, Pirouette, SR4500,

Caddieshack, CIS PR-85, and Derby Supreme. Observations were made on each

cultivar response to spring irrigation management. The entire experiment was repeated

in the summer of 2004.

Plots were planted on 8 May 2002 by using an eight-row plot-sized drill

equipped with 30 cm row spacing. In June 2002, 1.17 I/ha of Bronate® (3, 5-dibromo-

4-hydroxybenonitrile), and 1.75 1/ha (341 g ai) 2, 4-D Amine (2, 4-dichiorophenoxy

acetic acid) was applied for weed control. In November 2002, 8.17 1/ha Prowl® (N-(1-

ethyTlpropyl)-3, 4-dimethyl-2, 6-dinitrobenzeneamine) was applied, and in January

2003 an application of 280.3 g al/ha Banvel® (3-6 dichloro-2-methoxybenzoic acid)

was made. Later applications of MCPA (4-chloro-.2-methylphenoxy acetic acid), and

2, 4-D Amine (2, 4-dichlorophenoxy acetic acid) were made as needed for weed

control.

A pre-plant application of 14.5 kg N was made in May 2002 by applying 224

kg/ha 16-20-0 (14.5 kg/ha N). In October of 2002, 280 kg/ha (18.2 kg N) 16-20-0 was
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applied. In March 2003, 269 kg/ha (36.3 kg N) 30-0-0-12S was applied followed by

146 kg/ha (27.2 kg N) 46-0-0 (urea).

In October 2003, 292 kg/ha (19.1 kg N) 16-20-0 was applied. In March 2004, 90 kg

N/ha as 33-0-0-14, and 67 kg N/ha as 46-0-0 (urea) was applied.

In 2003 and 2004 fungicide applications were made as needed and according

to product label to effectively control stem rust caused by Puccinia graminis Pers.

Irrigation treatments consisted of a control receiving no irrigation, irrigation to

fill the soil profile once, and irrigation to maintain soil moisture at or above 188 mm

(50 mm depletion from field capacity). Volumetric soil water content was measured

with time domain reflectometry (TDR) probes placed horizontally in the soil profile at

15, 30, 45, and 60 cm. Soil moisture data from TDR probes was utilized in scheduling

irrigation treatments.

In 2003, between 3 June and 7 June irrigation to fill the soil profile once

received 92 mm of water. Between 3 June and 11 June, irritation to maintain soil

moisture received 113 mm of water. All irrigation had ended by 12 June in 2003. In

2004 between 31 May and 4 June a series of irrigations were applied to fill the soil

profile once totaling 95 mm. Between 29 April and 4 June, irrigation to maintain soil

moisture received a total of 219 mm of water in 2004.

Plots were irrigated using an Acre Master® linear irrigation system designed

specifically for this experiment by Pierce Corporation of Eugene, Oregon. The linear

was designed to irrigate individual plots with an area of 18 mX 15 m. The linear

consisted of three spans of equal length (approximately 19 m). Each span was fitted
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with six 1.5 m drops, 69 kPa pressure regulators, and restricted flow spray-head type

sprinklers manufactured by Nelson Corporation of Walla Walla, Washington. Each

sprinkler was fitted with a PVC ball valve which permitted each span of the linear to

be operated independently of the other. Four of the six sprinklers were full circle, the

two end sprinklers being part circle with a spray pattern directed inwards to the four

full circle spriniders. Each sprinkler was fitted with a #34 nozzle provided by Nelson

Corp. Application rate was calculated by using known nozzle discharge rate, linear

travel speed, and total area irrigated.

Fertile tillers were counted on samples taken in the spring prior to peak

anthesis and combined with vegetative tillers to determine total biomass. Two samples

were taken from each plot at ground level using a 30 cm2 quadrat. Prior to analysis,

samples were oven dried at 65° C for approximately 48 hours. Fifteen spikes were

collected (also prior to peak anthesis) from each plot and frozen at -15° C prior to

analysis.

Beginning in late-June, spikelet samples were taken to determine moisture

content for optimum swathing. Samples were oven dried at 130°C for twenty-four

hours. Swathing commenced when moisture levels dropped to approximately 35%. In

2003 Cutter, Pirouette, and Derby Supreme were swathed on 7 July, SR4500,

Caddieshack, and CIS PR-85 on 8 July. All cultivars were combined on 14 July when

seed moisture levels were approximately 12%. In 2003, harvested plot area was 28

m2. In 2004 difference in seed moisture between irrigated and non-irrigated 'Cutter'

and 'Derby Supreme' necessitated the swathing of non-irrigated 'Cutter' and 'Derby
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Supreme' on 3 July. The remaining cultivars and treatments were swathed together on

6 July. In 2004 all plots were combined on 12 July. Total plot area harvested in 2004

was 23 m2, the difference in plot area between years was due to an additional border

row being mowed to facilitate mechanical swathing. Thousand seed weight samples

were taken prior to seed cleaning and hand screened prior to counting. The remaining

seed was cleaned in a laboratory sized Clipper M-2B air-screen cleaner (A.T. Farrell,

Saginaw, MI) prior to weighing.

The percent stand cover was taken in October 2003 to assess plant regrowth by

noting the presence or lack of plant cover at 30 cm intervals for 15 m.

All field data were analyzed as a randomized split block design with a strip of

six plots in which cultivar is a factor, a strip of three plots in which irrigation is a

factor, and intersecting plots containing cultivar by irrigation combination. Four

replications were utilized in the design. Analysis was done using SAS for Windows

version 6.12 (SAS Institute Inc., 1993). Treatment effects were tested by analysis of

variance and with the exception of interaction, means were separated by Fisher's

Protected LSD values. In 2004, contrasts were calculated as a result of an observed

irrigation by cultivar interaction in three seed yield parameters.
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Volumetric soil water content was measured in both years to determine the timing

of irrigation and monitor water use in all three treatments. Sampling began each spring

when precipitation declined and soil water began to drop below field capacity.

Abundant precipitation in the spring of 2003 meant that sampling did not begin until

19 May, an excessively dry spring in 2004 resulted in sampling beginning on 1 April.

Soil volumetric water content first declined below 50 mm from field capacity on 29

May 2003 and 8 April 2004, respectively (Figure 1-1). Despite differences in

precipitation between the two years, soil water deficit at peak anthesis was similar, 95

and 108 mm in 2003 and 2004, respectively (Figure 1-1).

Anthesis began the first week of June 2003. Figure 1-1 illustrates a dramatic drop

in soil water during this period, and coincides with both increased temperature and the

onset of anthesis during that period. Irrigation commenced on 3 June 2003, and

concluded on 7 June and 11 June for irrigation to fill soil profile, and irrigation to

maintain soil moisture, respectively. In both irrigation treatments, volumetric soil

water was greatest between 6 June and 11 June, and coincided with peak anthesis

(Figure 1-1). As irrigation ended on 7 June in the profile filled treatment, soil water

declined rapidly from 7 June to 2 July. Additional irrigation on 11 June in moisture

maintained treatment initially increased soil water; however, soil water in moisture

maintained quickly approached levels of the profile filled treatment (Figure 1-1).
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Anthesis began during the first week of June, 2004. Irrigation to maintain soil

water content commenced on 29 April 2004 when irrigation can begin according to

water right policy in Oregon. During this period head emergence had just began within

most cultivars. Between 4 May and 18 May soil moisture did not decline below the 50

mm deficit so no irrigation was applied during this period. Figure 1-1 reveals that

during this period the rate of decline in soil moisture in the moisture maintained

treatment was similar to that of filling the profile once, which had received no

irrigation at this point, and the non-irrigated treatment.

Irrigation to fill the soil profile once was initiated on 31 May, 2004, and

concluded on 4 June, 2004 when soil volumetric water content was near field capacity.

Soil water content was greatest on 10 June, four days after peak anthesis (Figure 1-1).

Figure 1-1 shows that by 30 June, the slope of all treatment responses were parallel

indicating similar water use among treatments, and coincided with the end of seed fill.
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Figure 1-1. Soil profile water content of perennial ryegrass (Loliumperenne
L.) to a depth of 60 cm under three levels of irrigation at A. beginning of
anthesis, B. peak anthesis, and C. termination of seed fill in 2003 and 2004.
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Fertile Tillers & Total Dry Weight

The number of fertile tillers present at anthesis has been shown to be a function

of the number and developmental state of vegetative tillers present prior to floral

induction (Chastain and Young, 1998). Hebblethwaite et al. (1983) outlined two types

of contributing factors in the reproductive development of grasses: (i.) factors

affecting the size of the yield potential, and (ii.) factors affecting the utilization of the

yield potential, the later occurring after floral induction. Fertile tiller number is a

measurement of size of the yield potential; however, in perennial ryegrass, fertile tiller

number was observed to not be related to seed yield in stand densities found in

commercial seed production (Chastain et al., 1995; Elgersma, 1990). In 2003, fertile

tiller number and total dry weight varied among treatments; however, this variation

can not be directly correlated to irrigation as samples were taken prior to irrigation

(Table 1-1). In 2004, no correlation between tiller number and irrigationwas observed

(Table 1-2). Differences were observed between treatments and total dry weight

(Table 1-2), but as in 2003, a correlation between irrigation and total dry weight is not

possible as samples were taken prior to irrigation. The only way that irrigation might

have influenced total dry weight in 2004 would have to be a residual effect from

irrigation applied in 2003. This is unlikely as fall sampling in 2003 did not show a

significant response to irrigation with respect to fall regrowth.



Table 1-1. Fertile tiller number and total dry weight response of six
perennial ryegrass cultivars to three levels of irrigation in 2003.

Treatment Cultivar
Fertile Tiller

Number
Tiller Dry

Weight
no. /sq.m. glsq.m.

Non-irrigated Cutter 2666 1766
Pirouette 3007 1767
Derby Supreme 2655 1985
SR 4500 2861 1779
Caddieshack 2935 1756
CISPR-85 3044 1617

Mean 2861b' 1778b2

Profile Filled Cutter 2572 1788
Pirouette 2607 1605
Derby Supreme 2648 1989
SR 4500 2564 1593
Caddieshack 2713 1496
CISPR-85 2897 1512

Mean 2667 a 1664 a

Maintained Cutter 2457 1805
Pirouette 2730 1591
Derby Supreme 2153 1677
SR 4500 2605 1774
Caddieshack 2729 1733
CISPR-85 3276 1805

Mean 2658a 1731b



Table 1-2. Fertile tiller number and total dry weight response of six perennial
ryegrass cultivars to three levels of irrigation in 2004.

Treatment Cultivar
Fertile Tiller

Number
Tiller Dry

Weight
no./sq.m. glsq.m.

Non-irrigated Cutter 2394 1124
Pirouette 2282 1029
Derby Supreme 2418 1410
SR 4500 2046 1041
Caddieshack 2139 970
CISPR-85 2448 938

Mean 2288 a 1085b'

Profile Filled Cutter 2069 1202
Pirouette 2468 1128
Derby Supreme 2104 1213
SR4500 1840 1118
Caddieshack 2437 1178
CISPR-85 3107 1178

Mean 2338a 1164ab

Maintained Cutter 2714 1470
Pirouette 2667 1432
Derby Supreme 2155 1546
SR 4500 2239 1332
Caddieshack 2295 1216
CISPR-85 2798 1259

Mean 2478 a 1376 a

'LSD 0.05 = 215 for comparing mean tiller dry weight values averaged over
cultivars.



Ryle (1964) observed that inflorescence size was greatest in perennial rye grass

when tillers originated in the autumn rather than later in the winter. In this study fall

regrowth samples were taken in 2003 to observe any effects on regrowth in irrigated

treatments. No effect of spring irrigation was observed on fall regrowth and

subsequent tiller numbers.

Spilce Components

Spike components consisted of spike length, spikelets per spike, and florets per

spikelet. Similar to fertile tillers, the maximum value of these components is set prior

to anthesis during floral induction. Irrigation began after the maximum value of these

components and potential yield were set. In 2003, there was no difference in spike

length, number of spikelets per spike, or florets per spikelet with regard to irrigation

(Table 1 -3). There was no difference in spike length or number of spikelets per spike

with regard to irrigation in 2004, but a significant difference was observed in the

number of florets per spikelet in response to irrigation (Table 1-3). As in 2003,

irrigation occurred after the number of spikelets per spike had been set. Although

unlikely, the observed difference in floret number per spikelet could be due to residual

effects of the previous year's irrigation. A more likely cause of this difference might

be variation in sampling and spikelet components in general.
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Table 1-3. Effect of spring irrigation on spikelet components of six perennial ryegrass
cultivars in two years.

Treatment Cultivar Spike
Length

2003
Spikelets/

Spike
Florets/
Spikelet

Spike
Length

2004
Spikelets/

Spike
Florets!
Spikelet

cm no. no. cm no. no.

Control Cutter 24.0 23 10 20.8 23 7
Pirouette 24.0 24 10 19.2 23 7
Derby Sup. 26.2 25 11 21.5 25 7
SR4500 21.5 22 8 18.0 22 6
Caddieshack 23.2 24 9 18.7 23 7
CISPR-85 21.2 23 9 17.0 22 7
Mean 23.4a 24a lOa 19.2a 23a 7a1

Profile- Cutter 24.4 24 11 19.2 22 6
filled Pirouette 23.2 25 9 20.2 22 7

Derby Sup. 26.0 26 9 20.0 24 7
SR4500 23.3 24 9 18.8 22 6
Caddieshack 23.7 25 9 20.1 24 6
CISPR-85 21.5 23 8 17.8 22 6
Mean 23.7 a 25a 9a 19.4 a 23a 6b

Maintained Cutter 24.3 25 9 21.5 24 7
Pirouette 21.5 22 8 18.1 21 6
Derby Sup. 25.5 25 10 23.1 25 8
SR4500 20.9 23 9 18.9 22 6
Caddieshack 23.5 24 9 20.5 23 6
CISPR-85 21.7 23 9 18.6 23 6
Mean 22.9 a 24 a 9 a 20.1 a 23 a 6 b

1 LSD 0.05 = 0.703 for mean values in colunm
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Utilization of Yield Potential

After seed yield potential has been established and measured according to the

above parameters, the plant enters the second phase of reproductive development as

outlined by Hampton et. al.(1983). It is during this phase that the expression of yield

potential is determined by events after anthesis. This phase includes the developmental

processes of pollination, fertilization, seed set and seed growth.

Both herbage grasses and cereals exhibita characteristic pattern of under

utilization of reproductive potential in that number of seed produced per inflorescence

is substantially less than the number of fertile florets. A close examination of

reproductive potential in perennial ryegrass has revealed that up to 60 percent of

available seed sites (florets) at anthesis may be pollinated but less than 25 percent of

these ultimately produce a seed at harvest (Hebbletbwaite et al., 1980). If the

mechanical loss of seed during harvest is considered, the actual percentage of floret

site utilization under farm conditions is usually only 10% (Hampton et al., 1985).

During the second phase of reproductive development Hyde et al. (1959)

characterized three stages of seed development in perennial ryegrass. During stage

one, a growth stage which lasts approximately 10 days following pollination, there is a

rapid increase in seed fresh weight, seed have high moisture content and are not

viable. Food reserve accumulation takes place during stage two, lasting for

approximately 10-14 days. During stage two, there is a threefold increase in seed dry

weight, and seeds at this point have reached full viability. In the third and final stage,

seed ripening takes place over a period of 3-7 days. The third stage is characterized by
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a rapid reduction in seed moisture content to approximately 10%, while seed dry

weight remains constant.

In this study, the greatest impact of irrigation on yield occurred during the

periods outlined above. Yield increase was primarily a factor of increased seed

number (seed set), and secondarily an increase in seed weight.

Seed Weight

In 2003, there was a difference in seed weight between irrigation treatments;

irrigation to fill the soil profile once at anthesis, and irrigation to maintain soil

moisture had 1000-seed weights of 1.75 and 1.79 g (Table 1-4 & Figure 1-2),

respectively, while seed weight in treatment one was significantly less at 1.66 g. No

interaction was observed with respect to irrigation, cultivar, and seed weight in 2003;

however, significant differences were observed between cultivars indicating that

innate genetic components were responsible for seed weight differences between

cultivars.

Rapid endosperm cell division takes place during the lag phase in the first 10

days after fertilization (Hyde et al., 1950). The lag phase is associated with a slight

increase in total seed mass and the establishment of the final seed mass, or sink

capacity. Irrigation of perennial ryegrass up to peak anthesis alleviates water deficit

during endosperm cell division in the lag phase, thereby enabling greater development

of sink capacity resulted in greater seed mass in irrigated treatments. This could

explain the observed increase in 1000-seed weight of irrigated plants over non-

irrigated in 2003 and 2004.
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Table 1-4. Effect of spring irrigation and cultivar on seed yield, seed weight, and seed
number of perennial ryegrass in 2003.
Treatment Cultivar Seed Yield Seed Weight Seed Number

kg/ha g/1000 no./sq.m.

Non-irrigated Cutter 1708 1.85 92045
Pirouette 2027 1.52 132689
Derby Supreme 1413 1.81 77744
SR 4500 1676 1.63 102318
Caddieshack 1814 1.68 107553
CISPR-85 1566 1.47 106414

Mean 1701b1 1.66b2 103127b3

Profile filled Cutter 2127 1.94 109360
Pirouette 2287 1.62 140745
Derby Supreme 1712 1.90 90084
SR4500 2095 1.80 116117
Caddieshack 2194 1.75 125049
CISPR-85 1857 1.51 122226

Mean 2045 a 1.75 a 117264 a

Maintained Cutter 2205 2.00 109658
Pirouette 2481 1.64 150721
Derby Supreme 1744 1.93 89841
SR 4500 2156 1.75 123128
Caddieshack 2347 1.81 129350
CISPR-85 2055 1.61 127582

Mean 2165a 1.79a 121713a
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Figure 1-2. Thousand seed weight of six perennial ryegrass (Lolium

perenne L.) cultivars under three levels of irrigation in 2003.
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Warringa et al. (1998a) found that ovule dry weight at anthesis, the relative

growth rate of the seed, and duration of growth determine individual seed dry weight

at harvest in perennial ryegrass. The main factor accounting for approximately 60% of

variation in seed dry weight within the inflorescence was variation in ovule dry weight

at anthesis. The remaining variation was due to relative growth rate, duration of

growth, and other unknown factors, with 30% being directly related to duration of

growth. In all cases, greater ovule dry weight at anthesis corresponded to greater seed

weight at harvest. Furthermore, it was determined that only a limited increase in seed

dry weight remains possible after anthesis and that assimilate partitioning and relations

between seeds in the inflorescence of perennial ryegrass are largely determined at

anthesis.

Warringa et al. (l998a) observed differences in seed weight due to position of

spikelets and florets along the spike. Of the total variation in final seed dry weight

within the spike, 4% was attributed to difference in seed dry weight among spikelets,

and 89% was due to difference in seed dry weight within spikelets. The gradient in

seed dry weight within the spikelet was primarily due to reduced growth weight, and

to a lesser extent reduced duration of growth. Approximately 60% of the variation in

seed dry weight within spikelets was due to differences in growth rate, 30% of the

variation being related to duration of seed growth. Shorter duration of growth was

attributed to distal and central florets in a spikelet flowering later than proximal

florets, but ripening concomitantly. Differences in growth rate within the spikelet

simply means that later flowering distal florets resulted in seeds that grew more
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slowly. Warringa et al. (1 998b) concluded that differences in seed dry weight within a

spike of perennial ryegrass are due mainly to differences in relative growth rate of the

seed, and not duration of growth. Therefore, it may be possible that irrigation during

the lag phase increases the ovule dry weight of all florets within a spikelet. In turn, this

limits the reduction of both growth rate and duration of seed fill within all fioret

positions of a spikelet. This could have also contributed to the observed increase in

1000-seed weight in irrigated treatments over non-irrigated in 2003 and 2004.

Seed Number

In 2003, irrigation increased seed number: (Table 1-4 & Figure 1-3) irrigation

to fill the profile once caused a 14% increase in seed number over no irrigation,

irrigation to maintain soil moisture resulted in an 18% increase (Table 1-4 & Figure 1-

3). This supports results observed by Hebblethwaite et al. (1977) both years of their

experiment. In 1972, yield increase in their trial was due only to an increase in seed

number. In 1974, under conditions of greater water deficit, the increase in yield was

due to increases in seed number, 1000-seed weight, and tiller number. Data from 1972

makes it apparent that seed number, and the factors related to its determinant, are

especially sensitive to moisture deficit as 1972 received approximately 34 mm more

rainfall than the same period in 1974.
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Figure 1-3. Seed number in six perennial ryegrass (Lolium perenne

L.) cultivars under three levels of irrigation in 2003.
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Elgersma (1990) observed differences in seed yield of nine cultivars of

perennial ryegrass and concluded that seed yield was more closely correlated with the

number of seeds per unit area than with seed weight. The relationship between seed

yield and seed weight was non-linear, seed weight was affected less by environmental

differences than was seed yield. Marshall (1985) found that seed weight remained

relatively constant over a wide range of conditions. Elgersma (1990) concluded that

there must be a close relationship between the number of seeds produced per unit area

and the yield of seed.

In wheat, grain number is determined near anthesis, and grain size between

anthesis and maturity; however, grain number and size exhibit considerable plasticity

of expression depending on the sequence of environmental conditions. In spring

wheat, water stress severely reduced grain yield, primarily by decreasing the number

of kernels per spike (Evans et al., 1975; Debetz et al., 1973).

Marshall (1985) observed that a significant number of seed are aborted after

fertilization. Between peak anthesis and harvest that approximately 60% of perennial

ryegrass florets set seed within three weeks (this constitutes successful pollination and

fertilization); however, by final harvest only 40-50% produced seed. Marshall

concluded that the majority of this loss can be attributed to abortion of developing

seeds. The physiological reason for this abortion is not clearly understood.

Within individual spikelets of perennial ryegrass there is a marked decline in

the capacity of florets to set seed from the basal to distal florets, with basal florets

producing heavier seeds than the distal position (Anslow, 1963; 1964). This suggests



that there is competition for assimilate or mineral nutrients within the spikelet, with

the earlier maturing basal florets developing in advance of and at the expense of later

developing distal florets. This, in turn, places the distal florets in a position more

vulnerable to abortion (Marshall, 1985). In 2003, all cultivars responded to irrigation

with an increase in seed number. In 2004, irrigation increased seed number in all but

one cultivar (Tables 1-4 & 1-5).

There is considerable evidence that under moderate to severe water deficit

translocation of photosynthates is reduced (Hsiao, 1973). Ong et al., (1978) concluded

that the grass inflorescence was by far the most important assimilatory organ of the

reproductive tiller, providing the developing seed with most of the photosynthates

required for development. It is logical that water deficit at anthesis and following

would reduce translocation of photosynthates within the spikelet, This in combination

with competition within the spikelet for assimilates would place more developing

seeds, especially those in the distal position, in danger of abortion. This may provide a

partial explanation for the observed increase in seed number in irrigated over non-

irrigated plots in 2003, and in all but one cultivar in 2004.

Seed Yield

In 2003, seed yield was significantly increased by irrigation (Table 1-4 &

Figure 1-4). The mean increase in yield across all cultivars in 2003 was 20% between

no irrigation and a series of irrigation to fill profile once, and 27% between no

irrigation and moisture maintained respectively. Total yield increase within cultivars

under moisture maintained treatment ranged from 22% to 31%. On average, between
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soil moisture maintained and no irrigation 18% of the overall yield increase was due to

increased seed number, and 8% was due to increased seed weight.

Cultivar Irrigation Interaction

In 2004, a cultivar by irrigation interaction was observed in overall seed yield,

seed weight, and seed number. All cultivars responded positively to irrigation with

respect to seed yield and seed weight. One cultivar, 'Derby Supreme', did not respond

positively to irrigation with respect to seed number (Table 1-5). Contrast statements

were used to compare cultivars receiving no irrigation versus some irrigation (Table 1-

6).

The cultivar 'Cutter' responded to irrigation with an overall 13% increase in

yield, with 2% due to an increase in seed number and 11% as a result of increased

seed weight (Figure 1-5). 'Pirouette' responded to irrigation with an overall 24%

increase in yield, 14% resulted from increased seed number, and 8% due to seed

weight. 'Derby Supreme' was the least responsive to irrigation with a 4% increase in

total seed yield, a -1.9% reduction in seed number, and a 6.1% increase in seed

weight. Therefore, the observed increase in yield of 'Derby Supreme' can be directly

related to an increase in seed weight, but not seed number. 'SR4500' responded to

irrigation with an overall yield increase of 19%, 10% of that increase was attributed to

increased seed number and 8% to seed weight. Yield in 'Caddiesback' was increased

with irrigation by 24% overall, with 11% due to an increase in seed number, and 12%

due to an increase in seed weight. Irrigation caused an 18% increase in total yield of

'CIS PR-85' with 11% of that attributed to an increase in seed number and 7% as a
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result of increased seed weight (Figure 1-6). Therefore, it is apparent that cultivars

responded differently to irrigation in 2004.



2600

2400

2200

.

2000

1800

1600

1400

1200

Cutter
o Pirouette
V Derby Supreme
v SR4500
R Caddieshack
o CIS PR-85

3]

Non-Irrigated Profile filled Maintained

Treatment

Figure 1-4. Seed yield of six perennial ryegrass (Lolium perenne L.)

cultivars under three levels of irrigation in 2003.



44

Table 1-5. Seed yield and yield component responses of perennial
ryegrass cultivars to irrigation in 2004.

Treatment Cultivar
Seed

Yield
Seed

Weight
Seed

Number
no.

kg/ha g/1 000 /sq.m.
No Irrigation Cutter 1560 1.69 92445

Pirouette 1541 1.49 103223
Derby Supreme 1838 1.76 104237
SR 4500 1415 1.59 89188
Caddieshack 1576 1.57 100694
CISPR-85 1543 1.44 107108

Irrigation Cutter 1756 1.87 94100
Pirouette 1911 1.62 117908
Derby Supreme 1911 1.87 102220
SR4500 1678 1.71 97988
Caddieshack 1960 1.75 112172
CISPR-85 1828 1.54 118607
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Table 1-6. Significance of contrasts of yield characteristics for six cultivars
of perennial ryegrass including irrigation by cultivar interaction in 2004.

Yield Characteristic

Seed 1000 Seed Seed
Irrigation Factor Yield Weight Number

Al No Irrigation vs. Irrigation ** ** NS
A2 Profile filled vs. Maintained NS ** NS

Bi Cutter vs. Pirouette NS ** NS
B2 Cutter vs. Derby Supreme ** NS NS
B3 Cutter vs. SR4500 NS ** NS
B4 Cutter vs. Caddieshack NS ** NS
B5 Cutter vs. CISPR-85 NS NS

A.XB. A1XB1 * NS
A1XB2 ** ** NS
A1XB3 ** NS
A1XB4 4* ** NS
AIXB5 NS ** NS
A2XB1 NS
A2XB2 ** NS NS
A2XB3 * ** NS
A2XB4 4* ** NS
A2XB5 NS ** NS
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Figure 1 -6. Seed yield components and yield of six perennial ryegrass cultivars with
and without irrigation in 2004.



48

Environmental Conditions

Precipitation in 2003 was significantly different during the 4-month period

prior to harvest than in 2004 (Table 1-7). The March through June period is important

in perennial ryegrass as it is during this period that reproductive development leading

to final yield occurs. In 2003, precipitation was 174%, 25 5%, 68%, and 29% of

nonnal in March, April, May and June, respectively. During the early stages of

reproductive growth, adequate water was provided as the total precipitation for the

months of March and April was well above normal.

Peak anthesis and subsequent pollination took place during the first week of

June 2003. During this week, the average temperature was 28°C, with two days

exceeding 32°C. The average temperature for this week historically is 22°C, more than

6 degrees lower than that observed in 2003. There is sufficient evidence that high

temperatures during pollination can have an adverse effect on fertilization and seed

set. Irrigation during this period in 2003 may have alleviated temperature stress via

evaporative cooling in addition to moisture deficit, allowing for optimum conditions

for pollination and seed set. This would be logical as increase in seed number was

most responsible for observed yield increase in 2003.
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Table 1-7. Meteorological data for early-spring to mid-summer period of growth in perennial
ryegrass seed crop at Hyslop Farm, Corvallis.
Month Precipitation (mm) Evaporation (mm) Mean air temperature (°C)

Total Normaif ET Maximum Minimum
2003
March 191.0 109.7 49.0 13.2 5.5
April 164.6 64.5 71.6 13.8 5.1
May 33.8 49.5 128.8 18.8 6.9
June 9.1 31.8 190.5 24.6 9.8
July 0.0 9.1 246.1 29.6 10.9

2004
March 48.8 109.7 73.2 15.6 3.5
April 59.2 64.5 111.0 18.0 4.5
May 33.0 49.5 128.0 19.0 8.1
June 38.4 31.8 188.5 23.6 10.3
July 0.76 9.1 236.5 29.0 11.8

f Normal precipitation is the average of 60 years for that month
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Rainfall was 44%, 92%, 67%, and 120% of normal in March, April, May, and

June 2004, respectively. By comparison, precipitation in March and April was

significantly less, May similar, and June greater than corresponding months in 2003.

Unlike 2003, temperatures during pollination were average.

In general, it has been observed that water deficit during flowering and

pollination reduces the number of seeds set, and ultimately the number of seeds

harvested. In 2003, irrigation increased seed number in all cultivars, in 2004 irrigation

increased seed number in all but one cultivar. Water deficit after pollination during

seed fill reduces 1000-seed weight (Entz and Fowler, 1988). Thousand seed weight

was increased by irrigation both years of this study. In the period between peak

anthesis and the approximate conclusion of seed fill (two weeks after peak anthesis) in

2003, 8.1 mm of rainfall occurred, none of which fell during peak anthesis. The same

period in 2004 received 42.2 im-n of precipitation. Clearly, water deficit during seed

set and grain fill was greater in 2003 than in 2004. It is likely that this, in combination

with other environmental factors, was responsible for the treatment by cultivar

interaction observed in 2004, and the significant increase in seed number and seed

weight to irrigation among all cultivars in 2003.
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CONCLUSION

Spring irrigation applied at the beginning of anthesis and ending at peak

anthesis increases seed yield in perennial ryegrass. The greater seed yield appears to

be a function of increased seed number, and increased individual seed weight. The key

is to supply the plant with enough water to increase seed set during anthesis and

extend through seed development to increase individual seed weight. The amount of

irrigation will depend on weather conditions, but generally irrig&tion to fill the soil

profile once at anthesis should achieve the above conditions. In both years, this

coincided with approximately 90-95 mm of applied water.

Cultivars responded similarly to irrigation and no cultivar by irrigation

interaction was observed in 2003. In 2004 all cultivars responded positively to

irrigation. However, in 2004 response to irrigation was significantly different between

cultivars creating a cultivar by irrigation interaction. The fact that this occurred the

second year but not the first may be due to stand age, environmental conditions, or a

combination of both.

In the future it would be appropriate to investigate fall irrigation. Irrigation

management of perennial ryegrass in the fall may impact fertile tiller development,

and as a result, yield in the following year. In addition, an examination of irrigation

from the onset of anthesis through peak anthesis and ending one week prior to

swathing is needed. This would eliminate any question as to whether continued

irrigation past peak anthesis can further increase individual seed weight, and

ultimately yield. With increasing use of plant growth regulators a valuable extension
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of this research would be to study the effect of PGR use in combination with

irrigation.
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MANUSCRIPT II: SOIL WATER TRENDS, BIOLOGICAL INDICES, AND
ECONOMIC ANALYSIS OF SPRING IRRIGATED PERENNIAL

RYEGRASS (LOLIUMPERENNE L.) SEED PRODUCTION.

ABSTRACT

Perennial ryegrass seed production is marked by low actualization of yield

potential. Plant breeding efforts have historically focused on improving turf qualities

with little attention given to improving yield. Therefore efforts to improve yield have

centered on manipulation of cultural practices. The objectives of this study are to

provide the optimum timing and rate of spring irrigation to maximize yield in

perennial ryegrass, and provide an economic analysis of irrigated perennial ryegrass

seed production.

Irrigation was applied to six cultivars of perennial ryegrass in 2003 and 2004.

Treatments consisted of no irrigation, irrigation to fill the soil profile once at the onset

of anthesis, and scheduled irrigation to maintain soil water content above a 50 mm

deficit from field capacity. Time domain reflectometry (TDR) probes were used to

schedule irrigation events. In 2003, 0, 92, and 113 mm of water were applied to non-

irrigated, profile filled, and moisture maintained treatments, respectively. In 2004,

applied water totaled 0, 95, and 219 mm for non-irrigated, profile filled, and moisture

maintained treatments, respectively.

Soil water content was measured at 15, 30, 45, and 60 cm. The combined sum

was calculated to approximate soil water content of the soil profile to a depth of 60

cm. On 19 May water deficit from field capacity had reached 75 and 90 mm in 2003

and 2004 respectively. At the time of peak anthesis water deficit had reached 95 and



108 mm, and at harvest 126 and 125 mm in 2003 and 2004, respectively. In 2003, the

water deficit increased rapidly during a period of above average temperatures that

coincided with anthesis. The total water deficit was greater in 2004 but developed

gradually as a result of below average precipitation in April and May. Above average

rainfall during seed fill in 2004 increased profile water content and resulted in soil

water being the same at harvest in 2003 and 2004.

In both years, perennial ryegrass began using water to a greater extent at the

onset of anthesis, and continued to use water up to the time of swathing. Irrigation to

alleviate stress during this period increased yield directly by increasing seed number

and seed weight. In both years, a single application of approximately 95 mm at the

onset of anthesis was sufficient to alleviate water deficit during this critical period.

Irrigation to maintain soil water content above a 50 mm deficit from field capacity did

not significantly increase yield more than a single irrigation to fill the soil profile in

2003.

Reproductive efficiency was significantly increased by irrigation in 2003, but

not in 2004. Similarly, harvest index was significantly increased in 2003 but not in

2004. In 2003, there was no difference between filling the soil profile once, and

maintaining soil water content, in relation to either reproductive efficiency or harvest

index.

Economic analysis was conducted on three irrigation systems: side-roll,

traveling big-gun, and a linear irrigation system. Net return was greatest for side-roll

and followed by traveling big-gun. Linear irrigation systems provided the least net
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return due to their high initial cost to establish. Depending on cultivar, net return in

2003 ranged from $201-$33 1/ha, $164-$277/ha, and $76-$189/ha with side-roll,

traveling big-gun, and linear irrigation systems respectively. Net response to irrigation

in 2004 varied greatly between cultivars and substantiated the observed irrigation by

cultivar interaction.
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INTRODUCTION

Oregon is the world's leading producer of perennial ryegrass seed. Oregon's

climate on average provides sufficient precipitation to eliminate water stress during

vegetative development in the fall, winter, and spring. However, water deficit is more

common in late spring, and coincides with inflorescence and seed development

(Agrimet, 2003).

Perennial ryegrass typically converts only 10% of potential yield to actual

yield that is harvested (Hebblethwaite et al. 1980). In perennial ryegrass, seed set

occurs at pollination, and seed fill occurs for approximately two weeks after

pollination (Hyde et al., 1959; Anslow, 1962; Anslow, 1964). King and Chastain

(2004) reported that irrigation to fill the soil profile once at anthesis resulted in

significant increase in yield the first year the study was conducted. The second year of

the study a cultivar by irrigation interaction occurred; however, yield was greater the

second year in all cultivars under irrigation when compared to non-irrigated treatment.

In both years, increased yield could be traced to an increase in seed number and seed

weight (King and Chastain, 2004). Therefore, irrigation during seed set and seed fill

has the potential to significantly increase yield in perennial ryegrass.

Proper timing of irrigation would insure maximum agronomic and economic

benefit of irrigation is achieved. Soil water measurements provide an indication of

plant water use, and differences between water use in irrigated and non-irrigated

treatments. An understanding of water use in perennial ryegrass would elucidate key

periods during reproductive development that are sensitive to water deficit. Irrigation
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could then be targeted to alleviating water deficit during these periods and optimize

yield response and use of water. As water becomes less available, any practice that

targets the greatest return for each unit of resource applied should be encouraged.

With increasing availability of irrigation in Oregon's Willamette Valley, and

increased introduction of later maturing cultivars, an understanding of irrigation

practices in perennial ryegrass seed production is needed. The objective of this study

is to identify water use trends in perennial ryegrass as associated with key periods of

reproductive development. This will provide sound knowledge as to the optimum

timing of spring irrigation in perennial rye grass seed production.



MATERIALS and METHODS

This experiment was conducted at Oregon State University's Hyslop Research

Farm near Corvallis, Oregon with duration of two years. The experimental design is a

randomized strip plot design with four replications of three irrigation main effect

treatments, and six subplot cultivar treatments. The soil was a Woodburn silt loam

(fine-silty, mixed, mesic Aquultic Argixeroll).

Plots were planted on 8 May 2002 using an eight-row plot sized drill set with

30 cm row spacing. Six cultivars of perennial ryegrass were selected based on their

range in maturity, and being reflective of cultivars grown in the industry: Cutter,

Pirouette, SR4500, Caddieshack, CIS PR-85, and Derby Supreme. Observations were

made on each cultivars response to spring irrigation management. Trials were initiated

in May of 2003. The entire experiment was replicated in the summer of 2004.

Irrigation treatments consisted of a control receiving no irrigation, irrigation to

fill the soil profile once at the onset of anthesis, and irrigation to maintain soil

moisture at or above 188 mm (50 mni depletion from field capacity). In 2003, between

3 June and 7 June irrigation to fill the profile received 92 mm of irrigation. Between 3

June and 11 June moisture maintained received 113 mm of irrigation. All irrigation

had ended by 12 June in 2003. In 2004 between 31 May and 4 June a series of

irrigations were applied to fill the soil profile totaling 95 mm. Between 29 April and 4

June the moisture maintained treatment received a total of 219 mm irrigation in 2004.

Plots were irrigated using an Acre Master® linear irrigation system designed

specifically for this experiment by Pierce Corporation of Eugene, Oregon. The linear
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was designed to irrigate individual main effect plots with an area of 18 m X 15 m. The

linear consisted of three spans of equal length (approximately 19 m). Each span was

fitted with six 1.5 m drops, 69 kPa pressure regulators, and restricted flow sprayhead

type sprinklers manufactured by Nelson Corporation of Walla Walla, Washington.

Each sprinkler was fitted with a PVC ball valve which permitted each span of the

linear to be operated independently of the other. Four of the six spriniders were full

circle, the two end sprinklers being part circle with a spray pattern directed inwards to

the four full circle sprinklers. Each sprinkler was fitted with a #34 nozzle provided by

Nelson Corp. Application rate was calculated using known nozzle discharge rate,

linear travel speed, and total area irrigated. Runoff and deep percolation of water was

assumed to be negligible.

Soil moisture was monitored weekly and prior to irrigation (for scheduling

purposes) using time-domain reflectometry (TDR). Individual TDR probes were

buried horizontally in the center of 18 plots (6 per irrigation treatment) at 15 cm

intervals to a depth of 60 cm (Wraith and Baker, 1991). Volumetric water content was

determined in this manner for two of the six cultivars, Pirouette, and SR4500.

Measurements were initiated mid-May 2003 and conducted through mid-July at which

point measurements were terminated due to an observed cessation of water use by the

grass.

Beginning in late-June spikelet samples were taken to determine moisture

content for optimum swathing. Samples were oven dried at 130°C for twenty-four

hours. Swathing commenced when moisture levels reached approximately 35%. In



2003, Cutter, Pirouette, and Derby Supreme were swathed on 7 July, SR4500,

Caddieshack, and CIS PR-85 0118 July. All cultivars were combined on 14 July when

seed moisture levels were approximately 12%. In 2003, harvested plot area was 28

2
In 2004 difference in seed moisture between irrigated and non-irrigated 'Cutter'

and 'Derby Supreme' necessitated the swathing of non-irrigated 'Cutter' and 'Derby

Supreme' on 3 July. The remaining cultivars and treatments were swathed together on

6 July. In 2004 all plots were combined on 12 July. Total plot area harvested in 2004

was 23 m2, the difference between years being due to an additional border row being

mowed to facilitate mechanical swathing. Thousand seed weight samples were taken

before seed cleaning and hand screened prior to counting. The remaining seed was

cleaned in a laboratory sized Clipper M-2B air-screen cleaner (A.T. Farrell, Saginaw,

MI) prior to weighing.

Harvest index was calculated as

HI = clean seed yield plof'
X 100

total biomass plof'

Reproductive efficiency was calculated as the ratio of actual seed harvested to

potential seed yield as determined by collected seed yield components.

Three irrigation systems, side-roll, traveling big gun, and linear were analyzed

to determine the fixed cost of operating each system. Analysis was based on initial

cost of system, estimated yearly repairs and maintenance, depreciation of equipment,

and labor to operate equipment (Mississippi State Budget Generator, 2004). These

systems were chosen based on their predominance of use in the Willamette Valley.
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Additional costs of irrigation include electricity, increased seed conditioning, and

increased hauling cost. Four estimated seed prices were used to calculate potential

increase in gross income as a result of irrigation. The prices chosen reflect economic

trends in the perennial ryegrass market

All field data were analyzed as a randomized split block design with a strip of

six plots in which cultivar is a factor, a strip of three plots in which irrigation is a

factor, and intersecting plots containing cultivar by irrigation combination. Four

replications were utilized in the design. Analysis was done using SAS for Windows

version 6.12 (SAS Institute, Inc. 1993). Treatment effects were tested by analysis of

variance and with the exception of interaction means were separated by Fisher's

Protected LSD values. In 2004 contrasts were calculated as a result of an observed

irrigation by cultivar interaction in three seed yield parameters.
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RESULTS and DISCUSSION

Soil Water Trends and Plant Water Use

Volumetric soil water content was measured in both years to determine the timing

of irrigation and monitor water use in all three treatments. Sampling began each spring

when precipitation declined and soil water began to drop below field capacity.

Abundant precipitation in the spring of 2003 meant that sampling did not begin until

19 May (Table 2-1). An excessively dry spring in 2004 resulted in sampling beginning

on 1 April (Table 2-1.) Soil volumetric water content first declined below 50 mm from

field capacity on 29 May 2003 and 8 April 2004, respectively. Despite differences in

precipitation between the two years, soil water deficit at peak anthesis was similar, 95

and 108 mm in 2003 and 2004, respectively.

Anthesis began the first week of June 2003 in which the average temperature was

28°C, with two days exceeding 32°C. The normal daily maximum temperature for this

week is 22°C, six degrees below the average maximum temperature observed. Figure

2-1 illustrates a dramatic drop in soil water during this period, and coincides with both

increased temperature and the onset of anthesis. Figure 2-2 illustrates soil water

content at four depths: 15, 30, 45, and 60 cm. The most dramatic drop in soil water

took place in the 0 to 15 and 15 to 30 cm depths. Work with perennial ryegrass grown

for forage has shown that most water uptake occurs within 10 to 30 cm, which is the

region of soil having the greatest root density (Garwood and Sinclair, 1978).

Irrigation commenced on 3 June 2003, and concluded on 7 June and 11 June for

irrigation to fill soil profile, and irrigation to maintain soil moisture, respectively. In
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both irrigation treatments volumetric soil water was the highest between 6 June and 11

June, and coincided with peak anthesis. As irrigation ended on 7 June in the profile

filled treatment, soil water declined rapidly from 7 June to 2 July. Additional irrigation

on 11 June in moisture maintained treatment initially increased soil water; however,

soil water in moisture maintained quickly equilibrated with the profile filled treatment

(Figure 2-1 .). Soil water declined gradually from peak anthesis to the conclusion of

seed fill under no irrigation, whereas decline was rapid during the same period under

irrigation. Therefore, if adequate water is provided during this period it is evident that

the plant will utilize the additional available water. Soil water was equivalent in

treatments at the time when plants were swathed in preparation for harvest (Figure 2-

1).

Anthesis began during the first week of June, 2004. Soil water content declined

gradually in 2004 as a result of weather conditions that were more constant than 2003

(Table 2-1). Soil water continued to decline gradually through anthesis and into seed-

fill in the non-irrigated treatment.

Irrigation to maintain soil water content commenced on 29 April 2004 when

irrigation can begin according to water right policy. During this period head

emergence had just began within most cultivars. Between 4 May and 18 May soil

moisture did not decline below the 50 mm deficit so no irrigation was applied during

this period. Figure 2-1 reveals that during this period the rate of decline in soil

moisture in the moisture maintained treatment was similar to that of filling profile

once, which had received no irrigation at this point, and no irrigation. Therefore,



despite adequate water being available for use, plants that were irrigated used water in

a similar fashion to plants that had received no irrigation. This could indicate that

during this period of reproductive development water is not as critical as in later

periods, and irrigation during this period may not be utilized by plants.
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Table 2-1. Meteorological data for early-spring to mid-summer period of growth in perennial
ryegrass seed crop at Hyslop Farm, Corvallis.
Month Precipitation (mm) Evaporation (mm) Mean air temperature (°C)

Total Normalt ET Maximum Minimum
2003
March 191.0 109.7 49.0 13.2 5.5
April 164.6 64.5 71.6 13.8 5.1
May 33.8 49.5 128.8 18.8 6.9
June 9.1 31.8 190.5 24.6 9.8
July 0.0 9.1 246.1 29.6 10.9

{iIiI
March 48.8 109.7 73.2 15.6 3.5
April 59.2 64.5 111.0 18.0 4.5
May 33.0 49.5 128.0 19.0 8.1
June 38.4 31.8 188.5 23.6 10.3
July 0.76 9.1 236.5 29.0 11.8

Normal precipitation is the average of 60 years for that month.
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Figure 2-1. Soil profile water content of perennial ryegrass (Loliumperenne
L.) to a depth of 60 cm under three levels of irrigation at A. beginning of
anthesis, B. peak anthesis, and C. termination of seed fill in 2003 and 2004.
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Figure 2-2. Soil water content at four depths over time in: (i.) non-irrigated, (ii.)
profile filled once, and (iii.) soil water content maintained perennial ryegrass, 2003.
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Irrigation to fill the soil profile once was initiated on 31 May, 2004, and

concluded on 4 June, 2004 when soil volumetric water content was near field capacity.

Irrigation continued at a steady rate in the moisture maintained treatment until

conclusion on 4 June. Soil water content was greatest on 10 June, four days after peak

anthesis. Similar to 2003, soil water content declined rapidly from the point of greatest

water content to the approximate conclusion of seed-fill. Prior to a significant rainfall

event on 8 June, soil water declined gradually in the non-irrigated control. Following

the rainfall, soil water in non-irrigated plots peaked and declined at a rate similar to

profile filled and moisture maintained treatments (Figure 2-1). This would indicate

that water provided during this period of reproductive development will be utilized

rapidly as is observed in the irrigated treatments. Figure 2-3 illustrates that soil water

declined rapidly in profile filled and moisture maintained treatments until 18 June, and

was most pronounced in the soil depths 0 to 15 cm, and 15 to 30 cm. After 18 June

soil water in both treatments began to decline gradually. Figure 2-1 shows that by 30

June, the slope of all treatment responses were parallel indicating similar water use

among treatments. At this time, the soil profile of irrigated treatments had

approximately 15 mm more water than the non-irrigated control. As in May, and

despite having more available water, utilization of water was similar to the non-

irrigated control indicating that irrigation beyond the point of seed-fill may not be

utilized by the plant.
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Figure 2-3. Soil water content at four depths over time in: (i.) non-irrigated, (ii.)
profile filled once, and (iii.) soil water content maintained perennial ryegrass, 2004.
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Timing of Irrigation

The above soil water trends make it apparent that the period from peak anthesis

to conclusion of seed-fill is the reproductive period associated with most water use in

perennial ryegrass seed production. Timing of irrigation should thus be focused on

alleviating water deficit during this period. As evidenced by soil water data in 2004,

plant water use prior to this time is similar regardless of water made available through

irrigation. Therefore, irrigation during the period prior to anthesis would not be

agronomically appropriate. Likewise, both 2003 and 2004 reveal that irrigation after

the conclusion of seed-fill is not going to be utilized by the plant for that year's crop.

Furthermore, fall re-growth samples demonstrated that additional water in the profile

after harvest in 2003 did not impact fall re-growth when compared to the non-irrigated

control. Thus, irrigation to maintain soil water content beyond seed-fill would appear

to be unjustified

In a study of irrigation cutoff effects on Kentucky bluegrass (Poapratensis L.)

seed yield, irrigation concluded on three dates 6 June (early), 18 June (middle), and 24

June (late) (Mitchell et al., 1997). Kentucky bluegrass grown in the region of this

experiment normally receives irrigation until mid-June at which point irrigation is

halted to allow for crop drying in preparation for harvest. Mitchell et al. (1997)

hypothesized that the later irrigation dates would increase seed yield. However, they

found that the mid-date cutoff, correlating approximately with end of anthesis, resulted

in the maximum yield. This substantiates the above finding that irrigation after seed-

fill is unnecessary.
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Hebblethwaite et al. (1977) observed an increase in seed yield as a result of

increased seed number in 1972. In that year maximum soil water deficit reached 110

mm at the end of July which coincided with anthesis. Irrigation to alleviate water

deficit during this period increased the number of seeds per unit area, no other yield

component was affected.

In our study, irrigation to alleviate water deficit coincided with anthesis and

provided available water through the period of seed-fill. This irrigation timing resulted

in increased seed number and seed weight. In 2003, seed number was the yield

component most increased by irrigation and responsible for increased yield (Table 2-

2.). All cultivars responded differently to irrigation in 2004; however, with the

exception of one cultivar seed number was increased by irrigation (Table 2-3.). Seed

weight was increased by irrigation in all cultivars both years (Tables 2-2 & 2-3).
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Table 2-2. Difference in yield, seed number, and seed weight
expressed as a percentage of non-irrigated and moisture maintained
treatments in perennial ryegrass 2003.
Cultivar Total Yield Seed

Number
Seed

Weight
0/

Cutter 29.0 19.1 8.5
Pirouette 22.4 13.6 7.6
Derby Supreme 23.3 15.5 6.6
SR 4500 28.6 20.3 6.9
Caddieshack 29.3 20.2 7.6
CIS PR-85 31.2 19.9 9.7

Means 27.3 18.1 7.8

Table 2-3. Difference in yield, seed number, and
seed weight expressed as a percentage of no
irrigation and some irrigation in six cultivars of
perennial ryegrass 2004.
Cultivar Total Seed Seed

Yield Number Weight
0/

Cutter 12.6 1.8 10.6
Pirouette 24.0 14.2 8.4
Derby Supreme 4.0 -1.9 6.1
SR 4500 18.6 9.9 7.9
Caddieshack 24.4 11.4 11.6
CIS PR-85 18.4 10.7 7.2
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Reproductive Efficiency

Both herbage grasses and cereals exhibit a characteristic pattern of under

utilization of reproductive potential. A close examination of perennial ryegrass has

revealed that up to 60 percent of potential seed sites (florets) at anthesis may be

pollinated but less than 25 percent of these ultimately contain a seed at harvest

(Hebblethwaite et al., 1980). Taking into account the mechanical loss of seed during

harvest, the actual percentage of floret site utilization in agricultural conditions is

usually only 10 percent (Hampton et al., 1983). Therefore, attention must be given to

cultural practices that have the potential to increase site utilization, and ultimately seed

yield in perennial ryegrass.

Reproductive efficiency (R.E.) is defined as the ratio of potential and actual

yield, and is expressed as a percent. Reproductive efficiency is a direct way to

measure the effect of a specific treatment on site utilization. In 2003, irrigation to

maintain soil moisture significantly improved reproductive efficiency over the non-

irrigated control. There was no difference between profile filled and moisture

maintained treatments. In 2004, irrigation had no effect on reproductive efficiency.

The non-significant results in 2004 may have been a result of the observed irrigation

by cultivar interaction. Increased R.E. in 2003 reveals that irrigation timed to alleviate

water deficit from anthesis to the conclusion of seed fill has the capacity to increase

site utilization. The substantial increase in seed number of irrigated plants in 2003

likely is the result of the observed increase in R.E. Observing no difference in R.E.

between profile filled and moisture maintained treatments reveals that filling the



profile once at anthesis is just as efficient in increasing R.E. as maintaining soil

moisture over a prolonged period of time.

Harvest Index

Harvest index (HI) measures the ratio of economically viable seed (clean seed)

produced to the corresponding dry matter production. A higher HI would be indicative

of plants allocating more resources to reproduction than dry matter production, a

desirable trait in agriculture. In 2003, HI was significantly increased by irrigation.

Both irrigation to maintain soil moisture, and irrigation to fill the soil profile once at

anthesis significantly increased HI; however, the difference between profile filled and

moisture maintained treatments was not significant. Therefore, filling the profile once

is again the most efficient practice. In 2004, irrigation did not significantly impact HI.

This may be due to the observed irrigation by cultivar interaction.
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Economic Analysis

In 2003, 412,833 hectares produced 95,215 metric tons of perennial ryegrass

seed in Oregon with an estimated value of $126,546,000. An economic analysis of

irrigating perennial ryegrass was conducted based on yield increase in both 2003 and

2004 (Tables 2-4, 2-5, 2-6, 2-7, 2-8, & 2-9).

In 2003, 92 n-mi of water was used in the profile filled treatment. This

treatment increased net income ranging from $201 to $331/ha with side-roll irrigation,

$164 to $277/ha when irrigated with a traveling big gun, and from $76 to $1 89/ha with

a linear irrigation system (Tables 2-4, 2-5, & 2-6). Also in 2003, 113 mm of irrigation

was applied to maintain soil water content over the growing season. Maintaining soil

water content increased net income ranging from $301 to $455/ha with side-roll

irrigation, $264 to $41 8/ha if irrigated with a traveling big gun, and from $176 to

$330/ha with a linear irrigation system (Tables 2-4, 2-5, & 2-6).

Due to irrigation by cultivar interaction, data from 2004 was analyzed on a per

cultivar basis (Tables 2-7, 2-8, & 2-9). Generally, economic benefits of irrigation

ranged from a loss of $163/ha, to a gain of $356/ha depending on the cultivar and type

of irrigation system used.
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Table 2-4. Net return of two irrigation treatments applied with side-roll
irrigation system in six perennial ryegrass cultivars in 2003.

Commodity price ($/kg)
Treatment Cultivar 0.99 1.10 1.21 1.32

Profile filled Cutter
Pirouette
Derby Supreme
SR4500
Caddieshack
CIS PR-85

Mean

$fha -------------------
265 311 357 403
128 157 185 313
162 195 228 260
265 311 357 403
231 273 314 356
155 187 219 251

200 239 277 331

Soil water Cutter 330 385 439 494
maintained Pirouette 292 342 392 442

Derby Supreme 187 223 260 296
SR 4500 316 368 421 474
Caddieshack 361 419 478 537
CISPR-85 323 377 431 485

Mean 301 353 404 455



79

Table 2-5. Net return of two irrigation treatments applied with big gun
irrigation system in six perennial ryegrass cultivars in 2003.

Commodity price ($Ikg)
Treatment Cultivar 0.99 1.10 1.21 1.32

Profile filled Cutter
Pirouette
Derby Supreme
SR4500
Caddieshack
CISPR-85

Mean

$Iha --------------------
227 274 320 366
91 120 148 177
125 158 190 223
227 274 320 366
194 236 277 319
118 150 182 214

164 202 240 277

Soil water Cutter 293 348 402 457
maintained Pirouette 255 305 355 405

Derby Supreme 150 186 223 259
SR 4500 278 331 384 437
Caddieshack 324 382 441 500
CISPR-85 286 340 394 448

Mean 264 315 367 418
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Table 2-6. Net return of two irrigation treatments applied with linear
move irrigation system in six perennial ryegrass cultivars in 2003.

Commodity price ($/kg)
Treatment Cultivar 0.99 1.10 1.21 1.32

Profile filled Cutter
Pirouette
Derby Supreme
SR4500
Caddieshack
CIS PR-85

Mean

$/ha --------------------
139 186 232 278

3 32 60 89
37 70 102 135

139 186 232 278
106 148 189 231
30 62 94 126

76 114 152 189

Soil water Cutter 205 260 314 369
maintained Pirouette 167 217 267 317

Derby Supreme 62 98 135 171
SR 4500 190 243 296 349
Caddieshack 236 294 353 412
CISPR-85 198 252 306 360

Mean 176 227 279 330
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Table 2-7. Net return of six irrigated perennial ryegrass
cultivars using a side-roll irrigation system in 2004.

Cultivar 0.99
Commodity

1.10
price ($/kg)

1.21 1.32
$Iha -----------------

Cutter 68 89 111 132
Pirouette 216 257 298 338
Derby Supreme -38 -30 -22 -14
SR4500 125 154 183 212
Caddieshack 229 271 314 356
CISPR-85 143 175 206 237

Table 2-8. Net return of six perennial ryegrass cultivars
using a big-gun irrigation system in 2004.

Cultivar 0.99
Commodity ($/kg)

1.10 1.21 1.32
------ $fha -----------------

Cutter 31 52 74 95
Pirouette 179 220 261 301
Derby Supreme -75 -67 -59 -51
SR4500 88 117 146 175
Caddieshack 192 234 277 319
CISPR-85 106 138 169 200

Table 2-9. Net return of six perennial ryegrass cultivars
using a linear irrigation system in 2004.

Commodity ($Ikg)
Cultivar 0.99 1.10 1.21 1.32

----- $/ha -----------------
R-85 1

Pirouette 91 132 173 213
Derby Supreme -163 -155 -147 -139
SR4500 0 29 58 87
Caddieshack 104 146 189 231
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CONCLUSION

Data from 2003 and 2004 demonstrate that irrigation to eliminate soil water

deficit from anthesis to the conclusion of seed fill is an economically and

agronomically efficient practice. In 2004, soil water content dropped below 50 mm

from field capacity well before anthesis (8 April). Irrigation was applied to alleviate

this deficit. Soil water data reveals that prior to anthesis plants utilized moisture at a

similar rate whether the soil water deficit was below 50 mm from field capacity, or

above the 50 mm allowed deficit. Therefore, irrigation prior to anthesis appears to be

unnecessary even if soil water deficit is below 50 mm from field capacity. Likewise,

plants utilized water at similar rates after the conclusion of seed fill indicating that soil

water retained after this period may not be utilized by the plant after harvest.

Initiation of irrigation should coincide with the onset of anthesis. One

application of irrigation to fill the soil profile to field capacity appears to be

agronomically the most efficient practice. The key principle in spring irrigation

management of perennial ryegrass seed production is to provide the plant with

adequate water to alleviate water deficit during anthesis and carry the plants through

seed development (seed fill). In this study, filling the soil profile once at anthesis

achieved these results; however, in this experiment the soil was a silt loam (table of

characteristics in appendix). Had the soil contained more sand, scheduling frequent

irrigations with lower application rates through seed fill would likely be needed to

achieve the same results.
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Irrigation was economically beneficial in both years with the exception ofone

cultivar in 2004. Despite the lack of statistically significant yield increases between

profile filled and moisture maintained treatments in 2003, moisture maintained

resulted in approximately one hundred dollars per hectare additional income.

Therefore, maintaining soil moisture through anthesis was the most economically

efficient treatment in 2003.

Method of irrigation was important in determining net return. Side-roll

irrigation systems produced the greatest return, followed by traveling big-gun, and

last, linear move systems. Of these three methods of irrigation, linear move is the most

efficient in applying irrigation; however, high cost of establishment limits their use.

Traveling big-guns while being less efficient, are more portable and can be easily

moved from one field to another and irrigate areas that cannot be irrigated with either

side-roll or linear move systems. Traveling big-guns are also a good choice for

agricultural situations where the system needs to be adaptable to other crops.

Many farmers are limited by equipment and do not have the option to irrigate

in the window between anthesis and peak anthesis. Some farmers may have the ability

to irrigate earlier, while others may irrigate later. For those that cannot irrigate until

after anthesis, a study addressing the benefits of this practice would be helpful.

There was no statistical difference in yield between profile filled and moisture

maintained treatments in 2003; however, there was a large economic difference

between these treatments ($1 00/ha). One additional application of25 mm of after peak

anthesis caused this difference. A cutoff study in perennial ryegrass similar to that
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conducted by Mitchell et al. (1996) in Kentucky bluegrass would be beneficial in

determining economic returns of delaying irrigation cutoff dates.
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SUMMARY and CONCLUSIONS

Since this is the second study ever published on irrigated perennial ryegrass seed

production, the findings of this paper adds scientific data to an area of research that

has very little. The authors hope is that this study will enhance both the scientific and

agricultural community in better understanding the role of spring irrigation in

perennial ryegrass seed production.

A well timed application of irrigation to fill the soil profile once can substantially

increase yield. Eliminating water deficit from the onset of anthesis to the conclusion of

seed fill appears to be the most vital period of reproductive development affected by

irrigation. This experiment was conducted on a Woodburn silt loam and one

application of water to fill the soil profile was sufficient to eliminate water deficit

during this period. However, on a sandy soil multiple irrigation applications at lower

rates may be necessary. Applications would likely need to proceed through peak

anthesis and into seed fill to insure adequate water for seed development.

Yield increase as a result of irrigation could be attributed both years to an increase

in seed number and seed weight. A cultivar by irrigation interaction in 2004 revealed

there is the potential that cultivars may respond differently to irrigation. In 2004,

122% of normal rainfall was observed during the period corresponding to seed fill,

and could have attributed to the observed interaction. Normal rainfall for the

Willamette Valley occurred during the same period in 2003 when all cultivars

responded similarly to irrigation. Harvest index and reproductive efficiency were

increased by irrigation in 2003 but not in 2004.
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As a result of increased yield, irrigation increased net income return in both 2003

and 2004. In 2003 treatment three resulted in the greatest net return among all

cultivars. Treatment three in 2003 received 25 mm more irrigation than treatment two,

and on average increased net return $100/ha over treatment two. In 2004 net return as

a result of irrigation varied significantly between cultivar and irrigation method.

Irrigation methods analyzed included; side-roll (wheel-line), traveling big-gun, and

linear move. Both years, side-roll provided the greatest increase in net income

followed by traveling big-gun and linear respectively.

In the future, an experimental treatment that begins irrigation at the onset of

anthesis and concludes one week after peak anthesis would be advised. This

experiment would elucidate the most appropriate cutoff date for irrigation. Having

observed a substantial economic benefit from one application (25 mm) of additional

water over filling the soil profile once in 2003 appears to necessitate this additional

research.

With the increasing use of plant growth regulators it would also be helpful to

include them in a future irrigation study of perennial ryegrass seed production.
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APPENDIX



Appendix-Table 1. Volumetric water content of 'SR4500' perennial
ryegrass measured at 15, 30, 45, and 60 cm for non-irrigated (TI), series of
irrigation to fill profile once (T2) and soil moisture maintained (T3) in
2003.

Date Treatment 15 cm 30 cm
Soil Depth
46 cm 61 cm Total

----------------------- mm of water ----------------------
MAY 19 Ti 45.6 46.2 54.3 57.65 203.75
MAY29 TI 30.7 36.7 47.0 49.4 163.8
JUN2 Ti 26.5 34.0 45.0 48.4 153.9
JUN 7 Ti 24.9 30.5 43.4 46.2 145.0

JUN 13 Ti 24.5 31.5 42.2 43.8 142.0
JUN20 Ti 23.3 29.9 40.1 45.3 138.7
JUN27 TI 17.5 28.1 37.6 37.2 120.3
JUL3 Ti 16.3 26.7 37.0 35.3 115.2

JUL 11 Ti 17.6 27.4 36.2 35.4 116.5
JUL25 Ti 16.3 26.8 37.4 36.5 116.9

MAY 19 T2 40.0 47.6 53.5 55.0 196.0
MAY29 T2 31.8 37.8 43.0 50.2 162.8

JUN 2 T2 29.2 33.6 40.6 49.0 152.4
JUN7 T2 49.2 49.6 52.7 58.8 210.3

JUN 13 T2 42.4 39.0 51.4 57.0 189.7
JUN20 T2 33.4 34.8 43.4 52.4 165.9
JUN27 T2 28.5 30.8 38.1 46.1 143.4
JUL 3 T2 24.7 27.7 33.7 40.7 126.8
JUL11 T2 24.0 26.6 35.5 39.2 125.2
JUL25 T2 23.0 26.5 36.1 39.0 124.6

MAY 19 T3 38.8 48.6 49.5 55.7 192.5
MAY29 T3 31.7 37.7 40.8 48.9 159.0
JUN2 T3 20.2 34.7 36.7 46.9 138.5
JUN 7 T3 53.4 49.3 46.0 54.5 203.0
JUN11 T3 41.1 47.4 43.1 53.6 185.1
JUN 13 T3 43.8 49.0 48.6 55.4 196.7
JUN16 T3 35.5 44.6 45.5 51.9 177.4
JUN20 T3 31.1 41.2 42.9 52.4 167.5
JUN 27 T3 22.2 35.2 36.1 44.6 138.0
JUL3 T3 18.1 31.5 32.5 41.5 123.5
JUL11 T3 16,4 30.4 31.6 39.5 117.8
JUL25 T3 16.8 30.0 32.0 40.0 188.8



Appendix-Table 2. Volumetric water content of 'Pirouette' perennial
ryegrass measured at 15, 30, 45, and 60 cm for non-irrigated (Ti), series
of irrigation to fill profile once (T2) and soil moisture maintained (T3) in
2003.

Date Treatment 15 cm 30 cm
Soil Depth

46 cm 61 cm Total
----------------------- mm of water --------------------

MAY 19 Ti 43.3 49.9 54.3 53.5 200.9
MAY29 Ti 30.5 39.2 44.7 49.4 163.7
JUN2 Ti 26.7 34.7 42.0 50.0 153.4
JUN 7 Ti 25.0 30.1 38.3 48.9 142.2

JUN 13 Ti 23.9 31.1 39.6 44.8 139.4
JUN20 Ti 21.5 28.1 37.6 42.0 129.1
JUN27 Ti 18.7 24.9 34.2 38.9 116.5
JUL3 Ti 18.0 23.9 33.1 37.7 112.6
JUL11 Ti 15.4 22.5 32.4 37.8 108.0
JUL25 Ti 17.7 22.9 34.0 37.1 111.6

MAY 19 T2 44.3 42.0 53.2 55.5 195.0
MAY 29 T2 28.4 33.7 46.4 51.2 159.7
JUN 2 T2 24.0 69.5 42.4 47.1 182.9
JUN 7 T2 55.4 53.2 58.2 57.1 223.9

JUN 13 T2 37.5 46.0 52.5 54.9 190.9
JUN20 T2 29.3 35.7 45.6 51.4 161.9
JUN 27 T2 24.5 27.9 39.8 42.3 134.4
JUL3 T2 20.0 30.9 34.7 41.1 126.6
JUL11 T2 18.1 24.7 34.0 36.6 113.4
JUL25 T2 18.9 24.5 34.8 36.6 114.7

MAY 19 T3 37.7 50.1 52.5 55.7 195.9
MAY29 T3 30.9 37.3 41.8 46.3 156.3
JUN2 T3 23.2 34.8 38.3 45.1 141.3
JUN7 T3 51.8 51.7 51.2 57.0 211.6

JUN 11 T3 41.4 49.4 49.6 54.8 195.2
JUN 13 T3 46.5 54.2 50.4 54.6 205.6
JUN16 T3 34.1 43.1 43.5 46.6 167.3
JUN 20 13 32.2 40.6 43.9 50.1 166.8
JUN 27 T3 24.2 33.7 37.1 42.9 137.8
JUL 3 13 18.6 30.0 31.7 38.7 119.0
JUL11 T3 16.4 29.5 31.1 37.3 114.2
JUL25 T3 17.4 28.9 30.1 36.1 112.5
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Appendix-Table 3. Volumetric water content of 'SR4500' perennial ryegrass
measured at 15, 30, 45, and 60 cm for non-irrigated (Ti), series of irrigation
to fill profile once (T2) and soil moisture maintained (T3) in 2004.

Soil Depth
Date Treatment 15 cm 30 cm 45 cm 60 cm Total

------------------------- mm water -------------------------
APR 1 Ti 43.2 44.7 53.2 53.2 194.2
APR8 Ti 39.5 431 53.3 53.2 189.0
APR23 TI 44.5 42.8 51.3 51.2 189.7
APR29 Ti 39.7 41.8 51.1 50.8 183.4
MAY3 Ti 34.6 39.3 49.6 52.1 175.5
MAY10 Ti 31.0 36.4 50.2 51.6 169.1
MAY 17 Ti 28.3 33.5 47.1 50.3 159.1
MAY20 Ti 28.2 32.7 46.3 48.1 155.3
MAY25 Ti 25.9 31.0 43.8 46.6 147.1
MAY28 Ti 25.2 30.3 43.7 47.1 146.3

JUN 1 TI 23.6 30.3 42.3 46.3 142.4
JUN2 Ti 23.4 29.5 42.0 46.5 141.3
JUN 3 TI 23.5 29.2 41.8 44.9 139.3
JUN5 Ti 23.1 27.3 40.9 43.9 135.1

JUN 10 Ti 28.3 28.8 41.6 45.2 143.8
JUN 18 Ti 16.5 26.0 36.6 39.8 118.8
JUL 1 Ti 17.4 27.5 37.7 38.3 120.8
JUL8 Ti 14.6 25.2 36.9 38.1 114.7
APR i T2 43.3 46.4 48.6 53.5 191.6
APR8 T2 41.1 42.0 47.8 52.2 183.1
APR23 T2 45.4 43.3 46.9 51.2 186.8
APR29 T2 40.9 39.0 46.3 50.8 176.9
MAY3 T2 34.8 39.8 46.0 51.6 172.1
MAY10 T2 31.6 35 44.9 52.0 163.4
MAY 17 T2 30.9 34.3 42.7 50.3 158.1
MAY20 T2 29.5 33.8 42.1 49.1 154.4
MAY25 T2 28.1 31.0 39.3 48.0 146.3
MAY28 T2 26.9 30.4 38.7 48.1 144.0

JUN 1 T2 36.3 35.7 46.3 52.7 171.0
JUN2 T2 40.4 38.6 50.6 53.5 183.1
JUN3 T2 44.1 41.3 51.3 55.3 192.0
JUN 5 T2 47.5 49.7 53.9 56.7 207.7

JUN 10 T2 51.1 54.5 57.1 55.5 218.2
JUN18 T2 29.9 36.4 45.9 51.2 163.3
JUL 1 T2 24.9 28.9 42.6 50.9 147.2
JUL 8 T2 24.7 26.7 40.1 47.1 138.4
APR 1 T3 42.1 49.7 50.2 54.6 196.5



Appendix-Table 3 (Continued). Volumetric water content of 'SR4500'
perennial ryegrass measured at 15, 30, 45, and 60 cm for non-irrigated (Ti),
series of irrigation to fill profile once (T2) and soil moisture maintained (T3)
in 2004.

Date Treatment 15 cm 30 cm
Soil Depth
45 cm 60 cm Total

------------------------- mm water -------------------------
APR8 T3 36.3 46.7 48.1 54.8 185.9
APR23 T3 43.5 46.4 45.8 53.0 188.6
APR29 T3 35.9 45.2 46.2 52.4 179.7
APR30 T3 38.4 47.6 47.1 53.3 186.3
MAY I T3 43.0 51.9 50.8 54.8 200.4
MAY 3 T3 39.5 49.7 50.0 54.6 193.8
MAY4 T3 38.3 53.0 50.3 55.8 197.3

MAY 10 T3 41.0 49.9 50.6 55.2 196.6
MAY 17 T3 33.8 47.2 47.8 54.5 183.2
MAY18 T3 33.0 46.8 48.3 53.8 181.8
MAY20 T3 38.9 48.6 48.2 53.2 188.8
MAY25 T3 41.4 49.8 49.1 53.9 194.1
MAY28 T3 45.8 51.7 50.4 56.0 203.8

JUN 1 T3 48.8 53.0 51.6 56.5 209.8
J1JN2 T3 46.1 52.9 50.4 56.2 205.6
JUN 3 T3 43.0 52.4 50.6 56.0 201.9
JUN5 T3 47.9 54.5 52.6 57.1 212.0

JUN 10 T3 51.2 55.2 52.7 57.3 216.3
JUN 18 T3 21.7 38.6 44.4 53.0 157.6
JUL 1 T3 19.4 32.6 38.7 52.8 143.5
JUL8 T3 16.7 32.2 35.6 49.2 133.6
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Appendix-Table 4. Volumetric water content of 'Pirouette' perennial
ryegrass measured at 15, 30, 45, and 60 cm for non-irrigated (TI), series of
irrigation to fill profile once (T2) and soil moisture maintained (T3) in 2004.

Date Treatment 15 cm 30 cm
Soil Depth
45 cm 60 cm Total

------------------------- mm water -------------------------
APR 1 Ti 41.4 45.7 49.6 47.7 184.3
APR 8 TI 37.1 43.1 48.0 46.5 174.6
APR23 Ti 43.4 45.7 48.1 47.6 184.8
APR29 TI 36.5 42.5 45.3 51.3 175.5
MAY 3 Ti 30.5 38.4 44.4 45.7 158.9

MAY 10 Ti 28.3 35.4 42.9 43.8 150.3
MAY 17 Ti 26.0 33.0 40.4 44.0 143.3
MAY20 Ti 24.5 32.7 39.5 45.1 141.8
MAY25 Ti 23.3 30.3 38.5 43.5 135.4
MAY28 Ti 23.8 29.6 38.3 42.6 134.2

JUN 1 Ti 22.5 28.6 37.8 42.5 131.3
JUN 2 Ti 20.9 27.4 37.i 42.3 127.6
JUN 3 Ti 22.0 28.3 37.3 42.3 129.8
JUN 5 Ti 19.8 27.2 36.7 42.0 125.6
JUN 10 Ti 29.0 28.4 36.8 41.8 135.9
JUN 18 Ti 18.6 25.1 34.8 40.5 118.9
JUL 1 Ti 17.5 24.4 33.6 39.i 114.6
JUL8 TI 15.6 22.6 32.8 39.4 110.4
APR1 T2 38.5 48.8 51.8 52.8 191.9
APR 8 T2 32.6 45.2 50.9 52.6 181.2

APR 23 T2 40.9 45.2 49.2 52.0 187.3
APR29 T2 33.8 43.1 49.2 52.2 178.3
MAY 3 T2 28.3 39.9 49.8 52.7 170.6
MAY 10 T2 26.8 37.2 47.9 50.0 161.8
MAY 17 T2 29.5 39.3 46.6 51.7 167.0
MAY20 T2 22.1 35.2 43.0 48.3 148.5
MAY25 T2 21.6 31.8 42.0 46.2 141.5
MAY28 T2 21.9 30.5 41.6 46.4 140.3

JUN 1 T2 31.0 42.6 43.8 52.1 169.5
JUN2 T2 45.7 47.5 48.9 51.8 193.8
JUN 3 T2 50.5 51.5 50.5 54.9 207.3
JUNS T2 54.1 55.4 53.1 56.5 219.1

JUN 10 T2 52.9 54.2 54.9 59.6 221.5
JUN 18 T2 25.6 38.4 48.5 50.9 163.2
JUL 1 T2 20.9 31.6 37.5 47.3 135.8
JUL 8 T2 19.2 28.5 40.6 44.4 132.7
APR 1 T3 39.8 46.8 48.3 48.9 183.8
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Appendix-Table 4 (Continued). Volumetric water content of 'Pirouette'
perennial ryegrass measured at 15, 30, 45, and 60 cm for non-irrigated (Ti),
series of irrigation to fill profile once (T2) and soil moisture maintained (T3)
in 2004.

Date Treatment 15 cm 30 cm
Soil Depth
45 cm 60 cm Total

------------------------- mm water -------------------------
APR 8 T3 35.8 43.2 47.0 48.8 174.7
APR23 T3 43.2 45.4 46.2 47.6 182.4
APR29 T3 35.1 42.5 45.2 47.0 169.7
APR 30 T3 36.8 42.4 46.4 47.9 173.5
MAY 1 T3 39.3 46.9 49.5 50.5 186.1
MAY 3 T3 37.8 45.0 48.9 50.4 182.0
MAY4 T3 39.9 49.0 50.3 51.0 190.1

MAY 10 T3 38.1 45.5 48.4 51.1 183.0
MAY 17 13 33.5 43.2 47.0 49.7 173.2
MAY 18 T3 32.0 41.1 47.4 49.0 169.5
MAY 20 T3 38.1 44.1 47.1 49.0 178.2
MAY25 T3 37.8 45.5 48.3 50.7 182.2
MAY28 T3 40.3 47.1 50.3 52.1 189.7
JUN 1 T3 42.1 48.6 50.5 52.5 193.7
JUN2 T3 41.3 47.5 48.9 51.9 189.6
JUN 3 13 39.2 47.4 48.6 51.8 186.9
JUN 5 T3 42.9 49.4 51.7 52.1 196.0
JUN 10 T3 48.0 53.3 51.5 52.9 205.7
JUN 18 T3 22.4 36.6 43.5 47.2 149.6
JUL 1 T3 19.5 31.6 37.5 47.3 135.8
JUL 8 13 15.1 30.5 35.6 43.9 125.0




