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ABSTRACT

SUB-SURFACE DRIP AND OVERHEAD IRRIGATION EFFECTS ON ASPARAGUS
PRODUCTION UNDER MICHIGAN GROWING CONDITIONS

By

Benjamin Byl
Asparagus is a perennial crop historically growthaut irrigation in western Michigan for the
processing market. Shifts to fresh market producti@w hybrids, increased incidence of
summer drought, and increased disease pressui®y, gwaluation of more intensive production
practices including irrigation. Field and greentmtrsals evaluating the impact of drought stress
and irrigation delivery system (overhead vs. sulfese drip) on two varieties (Guelph
Millennium [GM] vs. Jersey Supreme [JS]) were &ii¢id to guide Michigan asparagus grower’s
irrigation decisions. Short-term results from #hesudies indicate a variety of positive plant
responses to irrigation treatments. Asparagus yieickeased from 6 to 21% with trickle and
overhead irrigation treatments in GM and JS dutimeg2012 field season. With supplemental
irrigation, increases in stem number, light intptaan, fern height, root carbohydrates,
cladophyll weight, and dry fern weight occurred Itar responses to irrigation treatments
differed depending on drought stress severity dadtgrowth stage. Increased yields for GM
were attributable largely to increased weight p&as, rather than increased spear number as
seen in JS. Results from multi-season greenhoiad¢e with GM demonstrated that prolonged
low-level drought stress reduced fern growth arad veeight, while short-duration intense
drought stress had greater impact on root carbalgaioncentration and short-term yield.
Overall, these results suggest that under weathatittons similar to those of 2011-2012
irrigation increases yield and plant health enotagjustify the added costs of irrigation for

Michigan asparagus growers.
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Sub-surface Drip and Overhead Irrigation Effects on Asparagus Production under

Michigan Growing Conditions

CHAPTER 1
I ntroduction

Aspar agus growth and development

Asparaguofficinalis is a perennial vegetable crop that is hand-haedestery spring.
Root carbohydrates are replenished following hdrekging the summer and fall from
photosynthesis occurring in a two-meter tall feanapy. Herbicides are typically used twice a
year to control weed populations and very litlagie occurs after the year of planting. Most
Michigan fields are established using crowns—yéaraot systems grown from seed offsite
during the previous year—instead of greenhouse gs@edling transplants.

During the spring of field establishment 70 cm ttegs, or furrows, are plowed into the
sandy soil. Crowns are set out on the bottom @ftirow with granular fertilizer and covered
with soil by eroding the trench walls with a sdéde. As the asparagus develops over the
growing season furrows are filled gradually in bgdjng soil from the berms into the trenches
(Zandstra et al. 1992).

Asparagus plants consist of two main sectionsatieve ground fern, and the
subterranean crown consisting of rhizomes and robite crown is the heart and central
interchange of the plant, producing growth buddditure spears and storing resources for future
growth. Asparagus roots can be separated intcategories: the numerous thin, short-term
feeder roots that secure nutrients and water amflébhy storage roots that ensure overwinter
plant survival by amassing soluble carbohydraterres (Drost 1997).

The fern consists of fibrous stalks, which devdlgm edible immature spears. As stems

mature, branches develop off of growth scales,@ats “fern out” producing many



photosynthetic leaflets as they mature (Drost 199he small leaflets that develop off the
branches and stems of asparagus are called cldtihgy are the most critical photosynthetic
area of the plant.

The simplest method of gauging asparagus size @aithhis by observing the fern
canopy that develops after the spring harvest selag® concluded. Several studies (Guo 2001,
Read 2009) have shown that fern weight is corrdlati¢h yield the following season. Although
in general this rule is true, overall fern sizewdddaot be the sole means of predicting asparagus
yield (Schaller and Paschold 2009). Survival efthown is the most critical aspect of
producing asparagus because replacing plantsestablished stand is generally not feasible
and the early loss of plants results in compounglialgl losses over multiple years (Sinton et al.
2008; Sterrett et al. 1990).

Photosynthesis levels over the preceding seastatelithe yield for the following year’s
harvest. Most of the above-ground portions ofabgaragus plant rapidly green up with
chlorophyll from their initial white or yellow colation, as they are exposed to light. Stem
tissue has some photosynthetic capability and stgrbat the cladophylls are the center of the
plant’s photosynthesis production (Suzuki et a020 Elevated photosynthetic rates were found
in higher yielding cultivars, with high ratios dbdophyll to stem (Faville et al. 1999). Guo
(2001) illustrated that asparagus partitioninglémlaphylls is highly variable between cultivars
of asparagus, and that higher yielding types adsanig more cladophyll weight than lower
yielding varieties. Because of their wavy microfaoe, varied width, and small size, physical
measurements of cladophyll surface areas are wliffieo using dry weight is considered good
scientific practice (Guo 2001). Levels of watee @fficiency and total photosynthesis varied

with stomatal size and density between asparadtigars (Schaller and Paschold 2009).



There have been a number of root studies that inaestigated both the size and
carbohydrate levels of the asparagus plant throuigthe calendar year either in the field or in
potted specimens (Haynes 1987; Drost and Wilcoxd3%¥; Drost and Wilson 2003; Schaller
and Paschold 2009; Paschold et al. 2004). Théngrbne of a mature asparagus plant is
substantial, typically reaching at least a metéowehe surface with the majority of root weight
in the top 50 cm near the crowns (Drost 1997)Némv Zealand, Wilson et al. (2002) developed
a field-based carbohydrate evaluation protocolgisfiractometers to measure simple sugar
levels in root tissue throughout the year. Althodgs model has not been widely adopted by
Michigan growers to schedule harvest length, itams a practical tool for research into root

status.

The U.S. asparagusindustry

Michigan has been one of the nation’s three ldrgggaragus producers for the past fifty
years. In 2010, there were 146 independent aspafagms with 4,309 ha in production with a
cash value of over $16 million (USDA-ERS 2010).chlgan harvest occurs from May to June
in sandy soils near the Lake Michigan shorelinstétically asparagus production in the
Midwest has focused on making canned and frozedugts but there has been a recent shift
towards fresh markets. Many mid-sized family fand vegetable operations cultivate between
twenty to one hundred acres of asparagus to dfyeh&ir cropping systems; asparagus extends
the working season for harvest laborers and helpsays by generating cash-flow to fund other
operations before revenue from fruit productionvas.

Although the past fifteen years have seen increbls8dasparagus consumption, overall

domestic production has decreased. This is priyndwie to increased competition from Peru,



which supplied 81% of the asparagus consumed iki8ein 2009 (Dartt et al. 2009).
Increasing asparagus imports from Latin Americaekesed market prices significantly for the
first decade of the 2000s. This price drop led significant decrease in U.S. production
acreage (Read 2009) with the number of new aspanalgatings decreasing and many older
fields being plowed out. Established asparaguddikistorically lasted 25 years or more, but
with the onset of fungal diseases, as well asisgifharkets, the duration of profitable
production declined to about twelve years. Fiveirryears are always required for plants to
reach full production potential, meaning therefardewer productive years given declining
stand longevity (Dartt et al. 2009).

In traditional production areas prevalence of qmathogens has been a leading factor in
asparagus production decline (Hausbeck 2012). Miitihe prime land in western Michigan
has been cropped in asparagus for decades; graveefsrced to replant over previous plantings
into soils with elevated populations of fungal magéns, including Phytophthora and Fusarium
species (Rodriguez 2010). Starting in the 199@fsely Giant was the dominant variety planted
in Michigan; it produces well in early life, butgariences high plant mortality in later years,
probably because of intolerance to these pathodengi.

Growers are now faced with a narrow production wimdo recuperate the large sunk
costs from the first several years of establishraedtcultivation before the stand declines and
production erodes. Asparagus decline and low pihese led to a decrease of Michigan
production acreage from 6,880 hectares in 199Mdeu4,451 hectares currently, and fields are
being replanted at much higher cost than the $5 Jd®@stablishment costs of even ten years ago

(Ball et al. 2001).



Asparagus establishment costs have risen dranigticdhe past several years, as new
hybrids planted on fumigated soils at higher degsihave become the norm. In the nineties
Michigan State University Extension recommendatiaese for 29,640 crowns ha. without
fumigation (Zandstra et al. 1992). Now growerstgpacally planting at least 37,050 crowns ha
to raise long-term harvest labor efficiency. Seests for modern hybrid varieties have doubled
to $2,250 h&rom several years ago and seed costs of thesalbydne twenty times greater than
the traditional Mary Washington varieties. Atmmt planting densities, the cost of hybrid
asparagus crowns reached $7,500 ha in 2013 (N@0ds®. In addition, soil fumigation
increases startup input costs today. With the BR#&se-out of several fumigants, fumigation
costs have risen from approximately $750-900 hat teast $1,250 ha while treatment efficacy
has declined (Hausbeck 2012). Given these risipgticosts, growers have increased incentive

to intensify production systems through additigor@ctices including irrigation.

Irrigation for asparagus production

Although irrigation has been a mainstay in manyisicant asparagus production regions
around the world, unlike Michigan they tend to la¢unally arid. While the asparagus plant is
drought hardy (Krug 1998), increases in produdtigite necessary to ensure adequate return on
the large financial investment of establishing asgas fields. In Michigan, an annual yield
increase of approximately 9% from a baseline yul8,359 kg ha has been estimated to justify
the installation of irrigation in the first seveaars (Harsh 2010). However, such estimates are
based on a wide range of assumptions, and vergtigdves have been conducted to evaluate the

potential biological and economic benefits of iatign in asparagus production for Michigan.



Worldwide, irrigation is typically applied to aspaus fields by one of three methods: 1)
furrow irrigation—the traditional practice in thawerican west; 2) center pivot sprinkler
systems; and 3) trickle irrigation, either throughing buried at crown level or placed on the
soil surface. Each system has its own pros and. ¢amrow irrigation—the oldest system—
floods production areas periodically using netwarkditches to disperse river water. Due to
low water use efficiency, hilly-topography, coasssl types, and water withdrawal restrictions,
furrow irrigation isn’t used in Michigan.

Center pivot systems are relatively common in Mjeln but have traditionally been
installed only on annual vegetable crops with higlue and drought-suscepitibility like carrots
or cucurbits. Given Michigan’s high relative huity and modern spray nozzles these systems
can be relatively water efficient, reaching leva@i80% (Kelley 2013; Nelson 2013). Center
pivot has the additional benefit of being able ¢tvate residual herbicides, move mobile N
fertilizers into soils, and establish cover crapsghie fall without reliance on rainfall. Center
pivot systems have a working life far longer thaparagus; once sunk costs are recouped with
asparagus production, the equipment can continbe tesed for another twenty years. On the
other hand, center pivot systems may induce higleexd germination and growth by moistening
the soil surface. Overhead systems like cent@tman also exacerbate foliar diseases by
increasing periods of leaf wetness. Center piystesns don’t achieve reasonable economies of
scale on fields less than 15 hectares or in iragushaped fields, and they require large water
sources and fuel costs for delivery (3,000 L pernute for a 35 ha system) (Neibergs and Waters
2009; Kelley 2013).

Trickle irrigation is common in many intensivelyogiuced vegetables in Michigan, but is

rarely used in asparagus. In arid asparagus ptioduegions, trickle tubing is placed on the



soil surface and rolled up annually (e.g. Peruggerimentally, buried below the soil surface
and left in place for the lifetime of the asparagtad (Sinton and Wilson 2008; Ley and
Agenbroad 1989). In such sub-surface drip systémtk-walled tubing is usually buried in
every asparagus row. Tubing with emitters everg@are typically placed at crown level at the
time of crown transplant (Netafim 2010). With ssuoface drip, a significant amount of soil
surface moisture evaporation is avoided faciligatmwer water use requirements. Buried trickle
line has the additional potential benefit of fdatling fertilizer or pesticide application directly
the root zone where they can be most effectivacesdrip systems can be broken into zones,
water pressure and pump requirements are low, meglgosts. Trickle tubing can also be placed
on the surface annually but tube malfunctions atal tombined installation and removal costs
are greater long-term compared to buried tubing.

Irrigation could prove valuable in Michigan prodioct for several reasons. Asparagus
planted with irrigation is at a lower risk of ediabment failure, and yield may be increased
significantly through higher per-picking yield aadnore aggressive harvest schedule (Schaller
and Paschold 2008; Bussell et al. 1984; Sterrett 4990). In irrigated systems, it may be
possible to increase planting densities, makingdsty fumigation, spraying and cultivation
more efficient. The need for fumigation at plagtoould be reduced with alternate chemical
applications through use of irrigation throughd production cycle and increased nutrient use

efficiency could provide value in addition to regleg transpired water (Netafim 2010).



Previousirrigation studiesin asparagus

Depending on the plant’s age or variety, soil cbads, and average rainfall, irrigation
trials have illustrated drastically increased yseld many parts of the world, including rain-fed
climates similar to Michigan (Hartmann 1981; Rottkieand Rolbiecki 2007).

Several irrigation studies conducted in rain-fedaaagus production regions of Europe
suggest that the potential benefits are large.ekample, Rolbiecki and Rolbiecki (2007) found
gains of over thirty percent with many cultivarsHolish variety trials. Hartmann (1981,1996)
found number of spears increased 30% in sandyisoB&rmany. He advocated use of trickle
irrigation in his climate because of water saviagd noticeable benefit with higher producing
cultivars; European varieties showed particulaigyicant production increases with Grolim
yields more than doubling with the addition ofgation.

The method of irrigation can also have a dramdteceon asparagus crop response,
profitability, and environmental impact. (Sterrettal., 1990) found that buried trickle irrigation
greatly improved establishment survival rate innygasparagus, particularly with transplants.
Lifespan and maintenance cost of buried tubing @is@ noted to be better. Netafim, one of the
world’s larger trickle manufacturers, actively prot@s subsurface installation of its products in
asparagus (2010). Overhead sprinkler systemsdpatagus survival rates below un-irrigated
control with noted wear to fragile ferns (Steredtal. 1990).

The effects of irrigation depend not only on climahd method, but also on the specific
variety being evaluated. For example, SchallerRasthold (2009a) showed significant
differences in physiological drought response betwiBacklim and Grolim varieties. Likewise,
Rolbiecki and Rolbiecki (2007) and Sinton and Wil§8008) demonstrated dramatic yield

differences between cultivars when subjected toghbstress. Several trials (Wilson and



Sinton 1996; Rolbiecki and Rolbiecki 2007) haverfduhat the Jersey Giant variety—the most
prevalent Michigan variety—is also one of the leagiacted by supplemental irrigation. One of
the core purposes of these trials is to evalugetonomic cost and benefit of overhead and
sub-surface irrigation in Michigan asparagus. Tolmowledge, no studies have compared the
effects of irrigation on yield with varieties suah Guelph Millennium and Jersey Supreme,

currently being planted in Michigan.

Goals and scope of thiswork

With this background in mind, experimental triglsre planned to collect information on
the potential costs and benefits of irrigation aggille to Michigan’s field conditions and
climate. In the first study (described in detailGhapter 2), the effects of two irrigation systems
(subsurface drip versus overhead) on two aspanragieties (Guelph Millennium and Jersey
Supreme), representing the most commonly plantedddaragus genetics were evaluated in a
large field experiment. Yield and multiple aspegftplant health were evaluated over three
successive seasons. The goal of this trial wasaade Michigan growers with applicable data
that would assist them in deciding whether to ibuwegrigation, and how to optimize irrigation
systems to improve profits. We hypothesized thpif typical historic drought stress periods
occurred during the study, irrigation would incredsrn growth, root carbohydrate storage and
ultimately yield; 2) the yield benefits of irrigatt would depend on asparagus variety, with the
newer Millennium variety responding more favoratayrrigation than Jersey Supreme; 3) yield
benefits would also depend on delivery systemd) sub-surface drip improving yields and

reducing costs relative to overhead irrigation; dndub-surface drip irrigation would result in



fewer weed and disease problems relative to ovdrinagation due to reduced leaf and soil-
surface wetting.

This large-scale irrigation trial was supplementgith a greenhouse irrigation trial
(described in detail in Chapter 3) aimed at betteterstanding the response of Millennium to
baseline irrigation and drought treatments. Weotlypsized that drought periods of two weeks
or more in summer would have a negative impacteom §rowth, carbohydrate storage, and
yield the following spring. An important secondatyjective of this trial was to better
understand how root growth and carbohydrate staegmonded to different forms of drought

stress.
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CHAPTER 2
Effects of Sub-surface and Overhead Irrigation on Michigan Asparagus
Introduction

As the weather patterns in the Great lakes redidh sitense summer heat and more
sporadic rainfall have occurred with increased l&uy. For example, since 1980 Michigan’s
average temperature has warmed by two degreesltodigh precipitation has also increased in
the last 50 years, this increase is concentratddglthe cooler seasons (MSU Enviro-weather,
2013). During the critical period of fern growthdacarbohydrate replenishment (July-August),
rainfall is often well below evapo-transpirationi@mand (Figure 2-1), resulting in drought stress
in un-irrigated fields. Evapotranspiration (ET}h& amount of soil moisture lost to the air from
all surfaces in a cropping area. In water requirgni@ecasting, each crop is given a coefficient
that represents it's water requirement relativa teference crop at various crop growth stages.

Relatively little is known about the impact of attative irrigation systems on commonly
grown asparagus varieties under Michigan weatheésait conditions. Drought stress may be
an important factor contributing to the declineasparagus fern health and yield. Although
asparagus is deep rooted and relatively drougétant, soil water content during fern growth is
an important determinant of crop yields (Drost &vidtox-Lee 1997; Hartman 1981). Drought
stress during fern growth can limit the capacityplaints to produce the soluble carbohydrates in
roots necessary for high yields in subsequent ssa&rost and Wilcox-Lee 1997). Stressed
plants may also be more susceptible to fungal desethat increasingly plague the asparagus
industry, including Fusarium (Morrison et al. 20B2)d Phytophthora (Saude et al. 2008).
Warmer temperatures and more variable rainfalepastobserved in Ml in recent years make

irrigation an increasingly important tool for redug risks of yield loss in asparagus production.
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Irrigation may also create opportunities for valeatbmplementary practices including
cover-cropping and fertigation. In irrigated sysge cover crops growing below the fern canopy
may be established with reduced risk of competitawrwater with the asparagus crop.
However, care must be taken to avoid competitiowfater with the crop. Living mulches in
un-irrigated asparagus in Wisconsin suppressedsveadn some cases reduced yields (Paine et
al. 1995). In Michigan, winter rye sown as a liyimulch immediately following asparagus
harvest was found to be beneficial for suppressertain weeds includinGonyza canadensis,
but also reduced volumetric water content to damgsy low levels during fern growth in the
absence of irrigation (Brainard et al. 2012). Undggated systems, cover crops may be more
widely adopted without adversely impacting aspasagu

Irrigation may also facilitate delivery of pestiegland fertilizers to improve the
efficiency and efficacy of agrichemicals, and regltlzeir adverse environmental impacts.
Fertigation and chemigation through drip tape imicmn in many vegetable crops, but has not
been extensively explored in asparagus. By targetgrichemicals directly to the root zone
through sub-surface drip tubing, losses througbhee and volatilization are minimized.
Asparagus growers adopting overhead irrigationntapgrovements in the efficacy of soil-
applied herbicides requiring moisture for activatiorhis is particularly important following
asparagus harvest when the optimal window for k&tbiapplication is very short. Dry
conditions during this period result in reduceddn@de efficacy. Some growers are forced to
delay herbicide applications and extend harvestewiaiting for rain to activate herbicides
(Brainard, personal communication); this practitesses asparagus by both limiting the period

of fern growth for carbohydrate replenishment aravihg energy for more production.
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With these potential benefits in mind, Ml asparagi@vers have begun to adopt
irrigation into their systems, but little informati is available to guide them in their choices
regarding delivery system (overhead vs. drip). ddtmall investment in asparagus irrigation so
far has been in center-pivot systems. Theoreyicdtip irrigation systems will save water and
fuel costs associated with irrigation. Drip syssestso minimize the risk of foliar disease by
avoiding leaf-wetting. By avoiding moistening thal surface, drip systems may also be less
likely to stimulate weed and foliar fungal growthd. rust). However, overhead irrigation
systems are viewed by growers as less costly tataiaiand provide several potential
advantages including activation of soil-appliedtjpésdes, spear cooling during harvest, and
uniform establishment of cover crops. Before gnemaell consider less familiar alternatives
like drip, they need data on its potential econoamd biological advantages.

The impacts of irrigation on asparagus are likelydry considerably with variety, but
little information is available regarding respomdeypical Michigan varieties to irrigation.
University of Guelph’s Millennium has not been udéd in many previous international cultivar
trails because of the relative recent entry intolévmarkets. In Ontario and Michigan
production of Millennium in soils nearing loam d@d#gation have been very good, suggesting
having higher available water in sand would be beia New Zealand irrigation trials found
that Jersey Giant asparagus was not responsivegation but those trials were in soils with
high moisture retention ability and adequate nataiafall; Jersey Supreme will probably share
some of those responses because of shared patdmiorth Carolina variety trials,
Millennium and Supreme both performed in the toprtjle of available varieties over a five-

year period (Cantaluppi 2011).
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To address grower interests, and fill existing klemlge gaps, a large-scale field
experiment was initiated in 2010 to evaluate thmgerm impact of irrigation system (none,
sub-surface drip, or overhead) on fern growth,dyaid profitability of both Guelph Millennium
and Jersey Supreme asparagus varieties. Secorgjacyives included assessment of irrigation
systems impact on the incidence of insect, diseaskweed pests. The long-term objective of
the trial is to evaluate the development and sulmscgdecline of asparagus stand in each of the
Six treatments, to assess whether irrigation céaydbe decline of productive asparagus fields.
We hypothesized that 1) irrigation during fern gtiowvould increase yield and quality of
asparagus; 2) these benefits would be greaterdetp@ Millennium compared to Jersey
Supreme; and 3) sub-surface drip irrigation woulovjgle equivalent yield improvements to

overhead, while reducing delivery costs as welliasase and weed problems.

Materialsand Methods
Site characteristics and experimental design
A field experiment was established in Oceana gouvestern Michigan in 2010. Six

experimental treatments were examined consistirtgret irrigation systems (none, overhead,
and sub-surface drip) and two varieties (“Jersgy&ue” and “Guelph Millennium”). Four
replicates of each treatment were arranged inib@pt design with irrigation as the main plot
factor, and variety as the subplot factor. Eacthef24 subplots measured 6 x 18.2 m with four
rows of asparagus spaced 1.5 m apart. Data wéeetea from the inside two rows of each plot
to minimize edge effects.

Soils were representative of those found locallgsparagus production; a well-drained

glacial moraine mixture of Spinks loamy fine saadd Perrinton loams, on slopes of up to six
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degrees with southern exposure. Initial soil tesdgcated a soil composition of 86% sand, 6%
silt, and 8% clay averaged through the usablepsofiles, a surface pH slightly above neutral
and slightly acidic subsoil. The experimental drad no reported history of previous asparagus
production and had been either fallowed or covepped for several years prior to planting.

Soil chemical characteristics immediately prioptanting fell into the following range: (pH 6.3-

7.0 with levels soil organic matter at 1.1 to 1.3%)

Trial establishment

Asparagus was established from one-year-old crgrnmsn locally from seed on soill
that had been fumigated to reduce risk of fungiggens. Two asparagus varieties
representing the most common breeding programs ugse for the trial: “Jersey Supreme” (JS)
from Vilmorin Seed, and University of Guelph’s “Néhnium” (GM). The growth physiology of
these two varieties differs noticeably but bothénbeen top performers in Ml variety trials for
spear yield and quality.

On 17 May 2010, crowns were planted at a den$i86B89 ha. in crested furrows with
alternating placement on 150 cm row spacing. Thghtef GM crowns was less than JS but
both varieties appeared un-desiccated and disesseliquid 10-34-0 fertilizer was applied as
directed by MSU soil test in furrow bottom of albfs. Netafim Uniram tubing with 45 cm
emitter spacing and 1.59 liter per hour output plased below the crowns in-furrow in sub-
surface drip irrigation plots. Irrigation tubesre@eonnected to buried 2.5 cm poly-pipe headers
but irrigation was not initiated during the firgason because of limited evapotranspiration with
young plants and ample rainfall. Furrows weredlin slowly to hill over crowns with several

cultivations during June and July as plants becasteblished.
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During the summer of 2010, asparagus spear emzgeas relatively uniform between
plots and treatments after planting. Fungicidesgcticides and herbicides were applied in
accordance with standard grower practice for nghdypted fields. In accordance with grower
practice in first year after establishment, twovieats were taken in 2011 with combined yield of
approximately 225 kg. Detailed yield data wasneobrded since irrigation had not been

initiated the season before and significant frashad occurred in early May.

Moisture monitoring and irrigation

Soil volumetric water content (VWC) was monitoredhaSentek’s Diviner 2000 system
(Stepney, AY; one meter long specialized PVC tubes were haiggh&d into each plot to
record moisture at ten-cm intervals to a depthQff dm. Readings were conducted at least on a
weekly basis throughout the fern growth periodothti2011 and 2012, with additional readings
taken before and after each irrigation event. dditeoon, VWC at crown depth was data-logged
hourly using two Decagon (Pullman, WA) EC-5 moistaensors installed in each plot.

Irrigation water was supplied from a bored welbilngh a steel reservoir tank with
supplemental electric pressure pump. Turbine Watemeters (GPI, Wichita, KS) were
installed at the manifold to record water use ichearigation zone. From the edge of each
overhead plot, irrigation was applied through Nel€bitors (Model R-10, Walla Walla, WA)
with road guard blinders with an overlapping, altging 5.8 m radius semi-circle pattern spray
on top of 1.5 meter PVC risers. Irrigation evertsurred as dictated by Diviner readings and
required from 24 to 30 hours to complete. Moistakels were allowed to depreciate to
approximately 50% available water in the rootingetefore irrigation events were initiated.

Irrigation was applied to replenish water in thetnog zone to field capacity. In both 2011 and
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2012, six and seven irrigation events occurredy agplication rates ranging from 1.2 to 3 cm
(Figure 2-2). Initial calculations for necessamgation time for the sprinklers did not
adequately raise soil moisture levels so addititina was added in those treatments. Due to
water pressure limitations, only a portion of tperskler plots could be irrigated simultaneously
SO a zone system was established.

Climate data was first gathered from MSU’s Envieather station four miles to the west
and later by a Decagon weather station (EM50) tnfer the 2011 and 2012 growing seasons.
Data gathered by the station included: ET, rainfR#R, and soil temperature. Additional data
was gathered during the growing season from regedaseal evaluation of ferns, stems, and
spears. These data parameters included: spearenuneight, physiological stage, disease, and
insect prevalence. Uniformity in data collectidgarslards with concurrent greenhouse trials was
attempted whenever possible. When visually evalgdéern canopy years of field scouting
experience allowed us to recognize and quantifxpeeted, observable trends including
differences in foliar damage from herbicides, feanopy closure rates, pest prevalence, and

autumn fern senescence rates.

Light interception

Canopy density was evaluated by measuring liget@eption with a portable PAR-
sensing bar (Lightscout 6 quantum bar, Spectrunhi@ogies, Aurora, IL). Photosynthetically
active radiation, PAR, is the portion of the ligipectrum usable to plants. In each plot, one
reading was taken above the canopy and five readakgn below the canopy at approximately
30 cm above ground level. Light interception (LAscalculated according to the following

equation:
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(1) LI = 100 — (PARb/PARa)*100

Where PARD is PAR at 30 cm below the canopy anB#&K& PAR above the canopy.

Root sampling

Soil cores were taken with 7.6 cm diameter hanceu@Sentek 47 mm auger)
throughout each season to monitor root developmemtultiple soil profiles both in the
senescence period and post-harvest. Soils wetarkepolers and processed on campus within
several weeks of collection. Roots were sepatated soils with sieves, weighed, and analyzed
for carbohydrate levels according to the methocetiped for the New Zeeland Aspire root
carbohydrate system (Wilson et al. 2002). Root@eswere collected, washed, and placed into
the freezer overnight to separate fructose frortisslue. Just prior to analysis, root samples
were thawed, dab dried with paper, cut into 0.5sextions and at least 2g were crushed in a
garlic press to collect root saphe refractive index (RI) of extracted sap was eatdd using an
Atago PAL-1 digital handheld refractometer. Thiside reports RI readings in degrees Brix
based on the relationship between RI and the seic@scentration (% w/w) of a pure sucrose
solution at 20 °C.Samples were taken at both the crest and troughrbbhydrate stages at
senescence and early canopy establishment stagealtmte usable carbohydrate levels for the
crown. These samples could be referenced aganbktaher and with existing databases of
asparagus field root carbohydrate levels. Roahfrgeights were taken initially but the auger
method was deemed too inaccurate for usable biodists#dbution projections using the soil core

method (Drost and Wilson 2003).
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Yield and quality assessment

Yields were determined from the center two rowsaxh sub-plot on fifteen different
harvest dates from 19 April to 29 May 2012. Hatwess done by hand, using the snapping
method common in Michigan. Spears were harvegt&8-25 cm length. Those spears with
diameters below 1 cm, as well as prematurely fgroindamaged spears were discarded.
Cumulative fresh weight of marketable yield wased®ined and used for analysis. In addition,
spear quality was assessed from all spears onawes$t dates (14 May and 24 May),
classifying spears into the following size gradgsliameter at the butt: Small (between 7.9 and
12.7 mm), Regular (12.7 to 17.5 mm) and Jumbo {gréhan 17.5 mm). The total number and
fresh weight of spears in each size grade was ateluand mean weight per spear calculated by

dividing the total number of spears by their tataight for each size category.

Fern evaluation

Fern samples were collected twice per season ith 20d 2012. Once before cladophyll
(photosynthetic fernlet) loss in early fall (4 O2011 and 28 Sept 2012) and again after winter
dormancy had fully occurred after first frost inddNovember (15 Nov 2011 and 9 Nov 2012).
At the first sampling date five ferns were randosgyected from each subplot, cut at the soil
surface and weighed fresh. A subsample of fivatgliom each subplot was then dried,
separated into cladophyll and stem tissue, andheeig At the November sampling date, all fern
from four 1 m subsamples per subplot were cut i@ soil surface and weighed in the field.
Field weights were taken for each plot with an aacy of 5 g. In addition a 25 fern subsample
from each plot was weighed fresh, dried, and wealghgain to obtain an estimate of fern

moisture content at the main research greenhousanising, where it was air-dried for a week
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in open paper grocery bags. At this point fern@aswere separated into stem and cladophyll
proportions with hand shaking in paper bags ant mianual separation. Dried stems and
branches were weighed as were the dried cladoptaydésy from them. By compiling this data

differences in the amount of leaf surface potefeiveen treatments could be analyzed.

Pest evaluation

Generally pest pressure was monitored and contrabeng IPM standards set by MSUE
and local vegetable cropping consultants to mingnizerference with treatment effects. When
scouting resulted in abnormal trends with entomickigor pathological pests, relevant
specialized MSU labs were consulted for appropredéetions. Pest pressure and populations
were evaluated on either per plant or per m of bbagis from data rows depending on the

situation.

Statistical analysis

The fixed effects of irrigation (none, overheadap) and variety (Millennium or Jersey
Supreme) on asparagus stem number, stem dry wgigltt, root soluble carbohydrate content
(Brix), weed and insect density, disease ratingsveriumetric water content were analyzed
using PROC MIXED procedures in SAS (SAS Instit@@09) with replicate (block) treated as a
random effect. To improve assumptions of normalitgd homogeneity, stem number data was
either log- or square root-transformed; cladoptglia was log transformed; and weed and insect
density data square root transformed. All othepoeses did not require transformation. P-value
0.10 was used as the statistical benchmark offgignt differences in these trials due to the

variability inherent with asparagus field data; &exes below 0.10 are included in all tables to
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allow the reader to see when greater confidenaddavere observed in trends. Volumetric water
content (VWC) data was aggregated by depth to aaagason long changes in water
availability. To evaluate differences in water byedepth (10 cm increments to 1 m in depth)
between varieties, the change in VWC during extdrdig periods (7 July — 24 July, 2011 and
17 June — 14 July, 2012) was evaluated in un-iedj&reatments. For each dry period, daily
water loss from each soil depth was calculateditigidg total water loss from that depth by the
number of days. For this analysis, only the fiefféct of variety was evaluated, with replicate
(block) treated as a random effect. Differencds/ben treatments were evaluated using the

pdiff LSMEANS option in the PROC MIXED procedure.

Results
Rainfall, irrigation and soil moisture

Rainfall was below long-term averages in both 28dd 2012, with significant periods of
drought occurring in both years (Figures 2-2 arg).2At our experimental site, dry periods
occurred mostly during July and August in 2011 (ffgg2-2), and mostly in June during 2012
(Figure 2-3). Approximately 15 cm of overheadgation was applied in six (2011) and seven
(2012) separate application events each year.

Volumetric water content (VWC) to 1 m depth revealeat in 2011, irrigated treatments
had significantly greater VWC for an extended pemanging from late July until late August
(Figure 2.4). In contrast, differences in VWC Bil2 were limited to the first two weeks in July,
and the last week in August (Figure 2-5). Thedeepas were as expected given the timing of

rainfall and irrigation in each year (Figures 2r2i 2-3).
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Not surprisingly, overhead irrigation resulted igtrer soil moisture at the soil surface
during dry periods in both years. For example28mugust 2011, VWC in the top 20 cm of
soil was approximately twice as high in overheachgared to sub-surface drip treatments
(Figure 2-6). In contrast, VWC between 20 and ®0was higher in sub-surface drip treatments.

Although effects of variety on soil VWC on speciflates were generally not detected
(data not shown), changes in VWC during dry perimtlswing rainfall events revealed
significant differences in both total moisture rembby variety, as well as the depth of water
removal (Figures 2-7 and 2-8). In both years,eleBpreme removed more total water during
dry periods than Guelph Millennium, and also rentbwater from deeper in the soil profile. In
2011, total water loss from the top 1 m of soiMmn 11 July and 24 July was 1.46 mm/day in
Jersey Supreme treatments, compared to 1.03 mrgd#illennium (Figure 2-7). Similarly, in
2012, total water loss was 2.46 mm/day for Jersgyre&3ne compared to 1.83 mm/day for
Millennium (Figure 2-8). In Millennium treatmentspproximately 58% of this water loss came
from the top 30 cm of soil, whereas for Jersey 8mna, only 45% came from the top 30 cm of

soil.

Fern development

In both 2011 and 2012, fern stem number in Auguss affected by variety, with Jersey
Supreme having more total stems, and more matenessih both years (Table 2-2). Irrigation
had little effect on stem number in either year.2012, more new stems were detected in un-
irrigated treatments, presumably due to delayed development prior to August counts.

Light interception from developing fern—an indireceasurement of fern leaf area—was

significantly higher in both irrigated treatmentspared to the un-irrigated control 2011, and
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significantly higher for Jersey Supreme comparelliliennium in both years (Table 2-3).
During the 2012 season a significant impact ofjation on light interception existed with the
New Jersey variety at the 6 August sampling datewith Millennium asparagus differences
declined below significant levels.

During the 2011 season Jersey Supreme fern dighiveias more than 25% greater than
that of Guelph Millennium at both early and laté $ampling dates (Table 2-4). Sub-surface

drip irrigation increased cladophyll dry weight 5§% in 2011 over control plots.

Root brix

Analysis of root carbohydrates followed the seastmends we generally expected as laid
out in the Aspire carbohydrate system (Wilson e@02). Root brix levels decreased slightly
with harvest, troughed as the fern canopy developed moved up to peak levels by the time of
fall senescence as carbohydrates were added den tphotosynthesis (Table 2-5). The effects
of irrigation on brix levels were not significarttraost sampling dates. However, in fall 2011,
drip irrigation increased brix levels in New Jer&ypreme but reduced brix levels in

Millennium.

Pest evaluation

Contrary to expectations, irrigation treatmentd ha detectable effect on purple spot
severity or on Marestail density in 2011 (Table)2W8e had anticipated that overhead irrigation
might increase purple spot severity by increasaad Wetness relative to sub-surface drip and
non-irrigated treatments. Rust and purple spotifumge present in trials but remained under

threshold level of control with foliar sprays astdied by the IPM program. Rust levels
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remained under control both seasons through pratreatapplications of fungicide and also
were not particularly severe in nearby producticraa.

Herbicide applications in the 2011 season weredithdue to asparagus’s susceptibility
to chemical damage before it becomes fully esthblls Summer annuals were not a major
problem in this trial due to good chemical contaafier 2010; hand weeding and selective
herbicides in the initial season maintained fidiholiness. However, numerous Marestail
seedlings were evident in fall 2010, and large Idgi@mieweeds were present in all plots by the
end of 2011. We had hypothesized that overhemghiion would promote weed growth by
increasing moisture availability at the soil sugaelowever, no irrigation effect on weeds was
detected (Table 2-6) in this trial. Marestail dgne/as higher in Guelph Millennium treatments
relative to Jersey Supreme treatments, presumalelyalgreater light penetration under the
smaller Millennium fern during the fall of 2010n 2012, greater residual herbicide use was
possible because of increased tolerance with alsiearagus so weed populations were
diminished. In addition, canopy closure for bo#nigties was greater in 2012, leading to very
few weeds.

Certain insect populations in the field were atetsnallowed to rise above IPM threshold
levels due to close proximity with ongoing entongpal trials. Invasive Japanese beetles
populations in the region were unusually high id2@nd 2012 and caused some topical foliar
damage in this trial. Insect monitoring condudatedarly July 2012 revealed that asparagus
beetle densities were much greater in overheaghiian plots (Table 2-7). This effect was
particularly noticeable in New Jersey Supreme whetle densities in overhead-irrigated plots
were nearly thirty times more prevalent than inimigrated controls. By August of both years

defoliation of ferns was noticeable in some plasaesult of beetle feeding. In contrast, no
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effects of irrigation on either Japanese beetleasparagus miner damage were detected (Table
2-7). Common asparagus beetle and asparagus papelations were in the normal population
range during the years of the trial. Asparagusdamutworm, yellow striped armyworm were

problematic in nearby production fields during ttrial but were not noticeable in our plots.

Yield and quality

Asparagus yield in 2012 was influenced both byetgrand by irrigation (Table 2-8).
The average yield difference with both varietiegettier in the abbreviated harvest season was
an additional 11 to 12%. Precipitation and degtag-accumulation in 2010 were not extreme,
allowing for good initial plant set for all plotBut due to high temperatures and spotty
precipitation in the 2011 and 2012 there were nooeestressful drought periods in Western
Michigan. Yield increases in weight of marketatdparagus ranged from 6-9% with the New
Jersey Supreme to 13-21% with Millennium. Localleation trials have established that
baseline un-irrigated yields with both these caltsszexceed the existing local production
average, so these production gains are substantedl terms. Millennium spear weight
increased 7-12% for irrigated plots; a productibift svhich lowers per unit harvest cost.
Overhead irrigation also increased Millennium speanber in 2012 but did not increase spear
number in drip plots. New Jersey yields showedltarnate trend with a 15% increase in spear
number for drip irrigation but no significant inaesee in numbers with overhead irrigation

treatment.
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Soil chemical properties

At this stage of the trial major changes in soitditions between treatments are not yet
evident. Although annual soil tests have indicatexderal gradual changes are occurring: In
overhead irrigation plots both the pH and Mg levetseased, possibly as a result of deposition
of minerals from hard-water from the well. Potassilevels appear to be low in soils of the
New Jersey overhead irrigation plots so furtheilalske nutrient testing at crown level in future
seasons may be justified. Inclusion of cover cigpsthe system would play a positive role in
increasing soil organic matter and buffering nuirievels but thus far the practice has been

avoided to avoid confounding data from ongoing expental treatments.

Summary and Discussion

Overall, short-term results from this study comi&d most of our original hypotheses.
Most notably, irrigation during in the 2011 growisgason resulted in 2012 crop yield increases
of 6 to 21% depending on variety and delivery sysf€able 2-8). Given prices received by
growers in 2012, these yield increases correspotadad increase in gross revenue of
approximately $250 to $1500 per hectare. Thedd yigprovements are particularly impressive
given that yields in 2012 were reduced substagtialla late frost. Given estimated cost of
approximately $2,500 per hectare to install irigrat yield improvements similar to what we
observed in 2011 need to occur 2 to 10 times duha@nticipated 15-year life of the asparagus
planting to justify installation of irrigation.

Although there was no statistical difference betwgield responses of Jersey Supreme
and Millennium to irrigation in 2012, our study ealed some interesting differences in varietal

response. First, fern growth of Jersey Supremecaasistently more responsive to irrigation
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than that of Millennium. This was reflected bathférn dry weight at the end of the season
(Table 2-4), and in light interception rates durfagh growth (Table 2-3). Second, Millennium
yield improvements were equivalent or greater tinase of Jersey; these results suggest that
fern growth is a poor indicator of irrigation resise in Millennium. Trends in both fern dry
weight and light penetration suggest that Jersgyesuoe fern growth may be more responsive to
sub-surface drip irrigation compared to overhegdation, and vice-versa for Guelph
Millennium. Third, in 2012 the effect of irrigaticon cladophyll dry weight differed

significantly by variety; overhead irrigation sifjoantly increased cladophyll dry weight for
Jersey Supreme, but had not detectable effectamioghylls of Millennium. Fourth, the root
carbohydrate concentrations of Jersey and Millemniarieties also responded very differently
to irrigation (Table 2-5). As expected, Jerseyr8uape root soluble solids concentration (brix)
increased with irrigation. In contrast, solubléd®in Millennium were either unaffected or
declined with irrigation. These results suggeat firevious attempts among researchers in New
Zealand (Wilson et al. 2002) to monitor the statiotal root carbohydrate storage by
examining brix from root samples are likely hightysleading and counterproductive for making
management decisions for the variety Millenniuns mdted by the original proponents of this
system, brix sampling must be accompanied by sagpli total storage root biomass to get a
more accurate measurement of total carbohydratagadDrost and Wilson 2002).
Unfortunately, sampling of total root biomass igeay labor-intensive process given storage
roots heterogeneous distribution in the soil. Ribééinaccuracies due to the inclusion of
inactive storage roots in older plants could furtt@mplicate carbohydrate testing’s validity

(Read 2009).
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Our results suggest that had intensive root samgl@en conducted in this trial,
Millennium may have been shown to respond to itrogeby increasing total storage root
biomass rather than simply increasing carbohydraeentration. Future research elucidating
the irrigation response mechanisms which incred&ilennium yields would be helpful for
developing and adapting applied analysis methotghwnn turn would lead to improved field
management tools. The greenhouse trial describ€thapter 3 is a first step towards achieving

that goal.
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CHAPTER 3
Effects of long- and short-duration drought stress on asparagus
Introduction

There has been little grower interest in irrigatagparagus in Michigan until recently
since it was relatively drought tolerant and lackegh profit margins during the past several
decades. In recent years the cost of producingragps has risen sharply, along with the farm
gate price, so risk is more intrinsic in productadrthis uninsurable crop. Irrigation is
increasingly seen as an insurance policy to praemter's substantial investments from direct
drought loss as well as a means to maximize yietdrgial. There were several years in the
2000's when Western Michigan experienced notaldegiit conditions. Yields and asparagus
stand health were noted to be generally lowereny#ars following stressful drought conditions.
It was uncertain what percentage of the yield desecould be attributed to drought induced
stunting and how much was the result of other eel&ctors, including increased incidence of
root disease from abiotic stress. Local growerabe more interested in getting information
about the drought tolerance of their asparagugatehtial plant responses to abiotic stress so
they could make better production decisions.

Although field irrigation experiments provide th@st relevant information to growers,
greenhouse experiments have the distinct advaotfgg®viding controlled conditions to better
understand the response of asparagus to spe®fighlr conditions. Greenhouse experiments in
confined containers also allow more thorough samgpdif root tissue than is feasible under field
conditions.

Numerous previous greenhouse studies of asparagugld have been conducted since

the 1990’s (Schaller and Paschold 2009; Liddycadt\&olyn 2009; Hebner et al. 2006;
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Bhowmik et al. 2001; Drost and Wilcox-Lee 1989; Birand Wilcox-Lee 1997; Nicola and
Basoccu 2000; Elmer 1995), but few have directveetee to Michigan soils, varieties and
current growing practices. Most greenhouse iriigatesearch has been too short in duration to
gain perspective on the cumulative impact of drosifess on asparagus development (Drost
and Wilcox-Lee 1989; Elmer 1995). Likewise, mostagrthouse experiments have been too
limited in physical scale—using small greenhoustspdo adequately assess impacts of drought
stress without root restriction. In some case#ijmpsoil was used instead of the droughty sands
found in most asparagus production areas. Additlp, in many trials asparagus was started
from seedlings whose drought tolerance differs étarally from the crowns typically utilized in
Michigan. Finally, in many studies, archaic norhgls or foreign white spear cultivars were
used that don’t share enough traits with the vi@seturrently being planted in Michigan for
meaningful extrapolation of results.

Nonetheless, several greenhouse trials providghhgito asparagus response to drought
stress that may be relevant for Michigan. Drost Aflcox-Lee (1989, 1997), using relatively
small pots and high organic potting soil demonstidhat yield the following season was
impacted by drought pressure at fern stage; groWwthizome buds was negatively impacted by
limited water supply and asparagus showed a lidearease in crown mass accumulation when
subjected to high water deficits. Paschold and [Bah@003, 2009) have done extensive work
evaluating effects of drought stress on asparaging sandy soils in large-volume containers
over several seasons. Although this work focusadapily on varieties relevant in Europe, it
demonstrated the value of large container evalostiand that stomatal activity and hydraulic

xylem activity can already be inhibited before asgas is visibly drought stressed.
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For Michigan asparagus growers, several importdontmation gaps remain. Historic
climate data from Michigan’s primary asparagus gngwegion (Hart, MI), demonstrate that
there are often extensive periods during aspargasggrowth in which evapotranspiration
exceeds rainfall (Figure 2-1 and data not shoviAor example, during the years 2005-7 three to
four weeks of drought stress occurred. Over tis pa years, drought periods of 3-4 weeks in
July and August occurred 7 times. The extent t@whvbommercially grown asparagus varieties
in Michigan (e.g. Guelph Millennium) may be abledterate such acute drought conditions is
unknown. Nor is it well understood how longer-diga, lower level drought stress may
influence asparagus growth. Better understandinigeoconditions contributing to yield loss
from drought stress should help growers make ndoegmed decisions about whether to invest
in irrigation, and how to best to utilize irrigaticystems already in place.

The project goal was to evaluate the effects dfi bartg- and short-duration drought
stress under controlled conditions on: asparagusegtablishment, yield, as well as root
biomass and carbohydrate accumulation. This trralsvance to local production was ensured
by using sandy soils in a large soil volume corgainith a popular newer variety: Guelph
Millennium. Millennium was selected because ofwidespread commercial availability, and its
noted absence in many previous irrigation trialddifionally, surprisingly high yield gains with
many European varieties that share Millennium pagan (Panka and Rolbiecki 2009; Rolbiecki
and Rolbiecki 2008; Lamparski and Rolbiecki 200®)icate that Millennium might be more
sensitive to drought than New Jersey Supreme, wdhehes lineage with the relatively drought
tolerant New Jersey Giant cultivar. Our hypoth&&s that drought stress would lead to reduced

fern and root growth rates and reduced spear yialds further anticipated that the nature of
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drought stress (prolonged low level stress vs.tstharation acute stress) would differentially

impact fern growth, root growth, carbohydrate conicion and yields.

Materialsand Methods

Site characteristics and experimental design

This trial was established in the spring of 201 thie Michigan State University
Horticulture Farm head house. This is a dual Igyastic, year-round structure that is six meters
tall with thermostatically controlled forced airdters and limited cooling capability from a
venting roof. With greenhouse trials water inpeasld be finely controlled, allowing for testing
the cumulative impact over several seasons of ditoemnditions typical of Oceana County.
Four treatments were examined in a complete fadtdesign with four replications. Factors
included baseline water level (high or low) andudylat stress (none or 2-3 weeks of water
withholding) imposed over two growing seasons, aithimposed dormancy period separating
the two seasons. The entire experiment was regph@atene, with the first cycle occurring over
two asparagus seasons during 2011-12, and thedsegole occurring over two asparagus
seasons during 2012-13. The two cycles were cdaduc MACX (Decade Products, Grand
Rapids, MI). The same soils were used during bgthes since there was no evidence of soil
pathogens and since root tissue had been sepamitdould not have deleterious effect on new

crowns. The timing of key activities for this fria summarized in Table 3-1.

Trial establishment

Eight MACX produce bins were divided in half witmpermeable 3 cm thick foam board

partitions to create sixteen equal 115 x 50 x 7&tots. Plot soil volume was 391 L with a 10
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cm lip above soil level to ensure plot separatidhis substantially larger soil volume compared
with most previous trials allowed for reduced edffects in general, interplant root interaction,
and longer periods of growth before root restricii@came severe. MACX boxes are also
useful, because they are designed for easy litmytransport using a forklift and since transport
to cold environments was necessary to induce darynaBoxes were placed with approximately
20 cm separating each box to facilitate airflow andess for data collection.

Glacial sand of similar texture to West Michigawas collected near an existing
asparagus field trial at the “Sand Hill” farm indEdansing. Soil was collected from the A, B,
O, and C profiles with a backhoe from two nearbgassation holes at the same site; soil
composition was 83% sand, 12% silt, 5% clay. ldathe A-B soil was sterilized with steam for
12 hours to kill weed seeds and put aside to be asa topsoil layer over the asparagus crowns.
The remaining soil was hand shoveled into 10 crhiggers from two trailers to simulate real
soil profiles and to equalize pH imbalances betwéersoils from the two holes, which ranged
from moderately acidic to alkaline. Between eadatfilg a mixture zone was worked up with a
spade to avoid potential root limiting layers.

Year old Millennium asparagus crowns were donateMichigan commercial growers
(Ron Richter and Oomen Farms). Disease-free crovithsseveral viable growth buds and
storage roots were weighed and selected for unitgrii6 sets of five crowns were selected
with combined weights for each plot within 5 g aich other.

Fertilizer was added based on soil tests and MSbnenendations for asparagus.
Fertilizers were applied following typical growenagtice, with an initial application of mono-

ammonium phosphate fertilizer (12-52-0) appliecbethe crowns at planting. Additional urea
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and 17% N-P-K fertilizer applications were appltedhe soil surface and raked in after each
successive harvest period as dictated by soil. tests

Supplemental lighting was provided with timer-caotizd 400W metal halide lights
suspended 3 m directly above each MACX box. Ligheéls were logged hourly with a Hobo U-
12 data logger (Onset, Bourne, MA), along with tenapure and relative humidity to calculate
growing degree-day (GDD) accumulation.

Growing season length in the greenhouse was ctddbta roughly match the five-year
GDD base 40°F average of 2500 in Hart, Ml in theteeof the asparagus-producing region.
After achieving 2500 GDD each growing season, glawgre removed via forklift from the
greenhouse and placed either outside if tempesatueee near freezing point or in a walk-in

cooler kept dark at 3°C to simulate winter dormaficable 3-1).

Moisture monitoring and irrigation

Baseline irrigation consisted of either a “higaVél of irrigation slightly in excess
evapotranspiration value of asparagus. “Low” atign treatments received one half the amount
of water as high treatments, and were establishedgess the impact of a prolonged period of
continuous sub-optimal soil moisture levels. Intaadrought stressed treatments irrigation was
withheld for 2-3 weeks at the end of the fern candgvelopment stage (Table 3-1).

Irrigation was achieved primarily through buriedtdfen Uniram tape with pressure
compensating emitters on 30 cm spacing; water imastregulated within ten percent of 0.19 L
per minute. Each plot had five emitters; four wieueied at crown depth and one was slightly
above soil level. During the initial watering afah growing season a watering wand was used

to bring soil in all plots to field capacity.
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Moisture was monitored with the same equipmenhadbke larger field trial described in
Chapter 2. A Sentek Diviner tube was cut to 75acm used to track moisture throughout the
soil at depths from 10-60 cm in each plot. TheX®rm values were discarded because of lack
of good soil contact. Tubes were installed 20 comfboth the front and sidewalls to ensure
accurate readings without grossly infringing ondlsparagus crown’s growth area. Soil
moisture levels were taken with the Diviner oneatst a weekly basis throughout the growing
season with additional readings taken prior tooloWwing irrigation events. One Decagon
moisture sensor (EM10) per plot was also used ta-ldg (EM5) soil moisture hourly at crown
level, and to serve as a backup data gatheringmyist the event that Diviner-2000
measurements failed. Due to the reliability of theiner probe Decagon sensor use was

discontinued after the first two growing seasons.

Root sampling

Root sampling protocols followed Drost (2002) déinel Aspire soluble carbohydrate
monitoring system developed in New Zealand (Wilsbal. 2002). Fleshy root samples were
taken at time of planting from surplus crowns ttabbsh a baseline soluble root carbohydrate
level. Additional fleshy root samples were takétha end of the first growing season, post-
drought the second season, and at the end of exgratal cycle when the plants were exhumed
after two growing seasons. Several 5-10 centinflgsiny roots were dug out from at least two
crowns per partition with a hand trowel after ugsal cores to obtain root samples was judged
to be overly destructive to the plants.

Root samples were collected, washed, and platedha freezer overnight to separate

fructose from cell tissue (Wilson et al. 2002) styorior to analysis, root samples were thawed,
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dab dried with paper, cut into 0.5 cm sections aridast 2g were crushed in a garlic press to
collect root sap.The refractive index (RI) of extracted sap was @atdd using an Atago PAL-1
digital handheld refractometer. This device rep&treadings in degrees Brix based on the
relationship between RI and the sucrose conceotr&o w/w) of a pure sucrose solution at
20°C. Care was taken to avoid sample dilution from thasdace moisture and each sample

reading was taken three times and averaged.

Fern evaluation

Fern evaluation occurred on a regular basis througthe growing season at roughly
two-week intervals. Stems were counted in eachagrid either all stems were measured for
height or a subsampling was recorded to documendeirelopment stage of the fern. At several
sampling dates, stem counts were conducted sejyai@tstems that were visually assessed to
be fully mature (older tissue based on leaflet Qolzewly mature (fully expanded cladophylls
but light green tissue), immature (small light grefoots with minimal cladophyll
development), and dead (aborted by the plant).

Fern growth was also evaluated at several cristajes for new shoot growth, by
measuring the length of new shoot tissue at 5ilmeaion the developing fern. New shoot
growth appears as a distinctly lighter shade oégreRandomly selected branchlets were
evaluated for amount of fresh growth at two poornsoth the north and south side of the fern,
and one at the pinnacle. This method was usedtéordme fern growth without destructive
sampling or reliance on a light sensor.

After the asparagus had reached 2500 GDD, boxes einer brought outdoors for frost

exposure or placed in a walk-in cooler to inducendincy. After fern senescence dead fern was

36



collected by cutting stems at ground level withdvaruners. From each plot stems were
combined, dried and weighed after air-drying indgheenhouse. It should be noted that during
the first cycle, stem and cladophyll tissue wagedr intact at the time of fern biomass sampling.
However, during the second cycle most cladophsdiute and some stem tissue had senesced at

the time of sampling, resulting in underestimatefem dry weight and possible sample bias.

Yield and quality assessment

Following the dormancy period, boxes were returtoeithe greenhouse and re-watered to
field capacity (to mimic typical spring soil moiséuconditions in Michigan) to initiate the
second season of growth (see Table 3-1 for timingsgsh asparagus spears were harvested to
evaluate the effects of first season irrigation drmlight stress treatments on yield, and to mimic
harvest pressure typical of second year aspardgjpisars were snapped at 20 cm height directly
above the soil level in the manner asparagus hiaoeesrs in Michigan. Spear number per plot
was documented along with weight of harvested spe@pears were initially categorized as
either: marketable, small-diameter, or unmarketabjgearance. A subsample of spears were

weighed fresh, dried and weighed again to deterithiedresh to dry weight ratio.

Second year fern growth and root sampling

Following harvest in the second year, fern wasnadld to develop and irrigation and
drought stress treatments were re-initiated, withdame plants receiving the same treatments
for a second year (see Table 3-1 for timing). Eaabns of fern development were conducted
during the second season of both cycles usingaime protocols described above for the first

season with one exception: stem height duringéoend growing season was taken for each
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individual stem in each box, and the sum of alirskeeights per box was calculated. This total
stem height was considered a reasonable non-di#gtrestimate of total fern growth, although
clearly it is not a perfect estimate, since steamditer, branching, and cladophyll development
are not captured by this method.

After completing a second fern growth season, MAStXes were disconnected from the
irrigation supply lines and exposed to frost omalftime to return soluble carbohydrates to the
crowns from the above ground biomass. Followingeseence, dead fern was removed, dried
and weighed as described above for season oneesBware then placed on a large sheet of
diamond metal grate and were flipped over withr&liid to separate soil and fleshy root tissue.
Asparagus crowns and fleshy root tissue remainedeathe grating as the soil was sieved out,
while fine roots and soil passed through the ngtatie. Care was taken to make certain that
root and crown tissue from the two partitions did mix on top of an open bin.

As each of the five crowns from each partition \iraed of the majority of the soil they
were cleaned by hand brushing to remove sand. prosess was adequate in most cases to
remove nearly all the soil particles. If necessants were rinsed off with a hose and dabbed dry
with towels and air-dried for 30 minutes. FressHy-root and crown tissue was subsequently
weighed. Approximately 5g samples of fleshy roetevtaken from each crown to assess
carbohydrate levels following the protocol desaiilad®ove. The remaining crown and root

material was dried and weighed.

Statistical analysis

The fixed effects of baseline irrigation (high i®w~) and drought (none vs. 2-3 wks.) on

asparagus stem number, stem height, stem dry weigld, root weight, and root soluble
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carbohydrate content (Brix) were analyzed using EROXED procedures in SAS (SAS
Institute, 2009) with replicate (block) treatedsasandom effect. To improve assumptions of
normality and homogeneity, spear number data wasrémsformed. All other responses did not
require transformation. One outlier for asparagakl and stem number in this trial was
detected and removed from the data-set prior ttysisajustification for removal was based
both on its deviation from the mean, and the flaat outlier data came from the MACX box
closest to a heat source in the greenhouse. Theaagd to promote earlier and more vigorous
spear emergence (data not shown) and subsequermgréavth. In most cases, significant
interactions of fixed effects with year were de¢elgtso analyses were conducted separately by
year. However, for responses for which no signiftogear interactions were detected—including
yield—combined data for both years are presenisien the high degree of variability in many
of the responses, mean separation was conductetewdremain or interactive effects had p-
values of less than 0.10. These p-values are rabtid bottom of each table of results.
Otherwise, significance is reported as “NS”. Diffiaces between treatments were evaluated

using the pdiff LSMEANS option in the PROC MIXEDgmedure.

Results
This greenhouse experiment had a number of integaesults that helped explain and
expound on the data taken in related asparaguktfials. Our key findings were based on stem
number and weight data, yield, and root data takem the three and a half growing seasons

completed so far in this trial.
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Stem number during first growing season

During the first growing season, neither baselmgation nor drought had any
detectable effect on stem number (Table 3-2).hénsecond repetition of the trial 79 days after
planting (DAP) crowns we had significantly high&ra numbers in the high water supply plots
over the low water supply. High irrigation incredsstem number by over 20% in this second
trial repetition. This significant trend was seNident a month later at 111 DAP. By that point
in the growing season drought treatment had atgufsiantly negatively impacted development
of asparagus fern. Drought stress reduced thesteta number by 14% by August 20, 2012. In
the two drought treatments there was a reductiandfmature) stem numbers by 23% in the
drought treatments compared to the two non-drosigassed plots (Table 3-2). This implies a
photosynthetic surface disadvantage for the drotrghtments during asparagus’s prime
photosynthetic period to recharge root storageatantrates. In a field situation, inability to
develop a strong fern canopy shortly after hareastlead to detrimental late season growth as

the plants struggle to make up for a carbohydrateitibefore the winter season.

Fern dry weight

In both repetitions of the experiment, fern dryigi® at the end of the first growing
season was not affected by baseline irrigationygiostress, or their interaction (Table 3-3).
Similar to the stem number results in the fall 012 there was no significant difference between
treatments, although data indicated a trend likelg emerging between the drought treatments
with greater weight fern in no-drought plots. Bgri 2012 after high/low water treatments had
been imposed twice, there were significantly gretgtien weights in the high water plots, 423g

per plot versus 285g. When compiled between biitvigg cycles this represented a 22%
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difference in cumulative fern weight between thghhand low water treatments. In 2012 during
the second run of the trial fern weight was higldyiable after the first season so no significant
differences were detected. This variability washably related to how late in the season ferns
were collected: many cladophylls had already fatlfrbecause of exposure to frost and wind
and all soluble carbohydrates had already bees-tcarated back to the crowns. This late
collection date was purposeful since we did nottvamextract usable carbohydrates from the
more stressed treatments that had entered senesoene slowly than the high water no-

drought plots.

Yield, spear number and spear size after one season

Asparagus yield following the first season wasalae, resulting in low power to detect
significant differences. Nonetheless, when dats ezanbined across both years, a 15%
reduction in yield was detected due to the shorédilon drought stress imposed in the first
season (Table 3-4; P-value = 0.074). This yieldicdidn in acute drought stress treatments was
attributable largely to a decreased number of Isedespears rather than a reduction in spear
size; spear number was 14% lower in short-duratronght stress treatments (P-value = 0.064).
In contrast, neither spear number, spear sizeyiatat were affected by chronic low water stress

treatments (Table 3-4).

Stem number and height in second growing season
Following the first dormant and harvest perioddtiple counts of stems occurred to
document the development of the fern canopy. Thksds were larger than they had been the

previous growing season and their growth habieredt somewhat. In the first repetition of the
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trial (2011-12), stem number at both 30 and 69 @dtgs harvest (DAH) was significantly lower
in low irrigation compared to high irrigation treants (Table 3-5). In the second run of this
greenhouse trial this effect was not detected, stgéim number at 7 and 28 DAH unaffected by
either baseline irrigation or drought stress (TaébE). Stem number information later in the
season is not yet available.

Total stem height (sum of the height of all indival stems—see methods) during the
second growing season was unaffected by treatmdytth years at the first two sampling dates
from 7 to 25 DAH (Table 3-6). In the first expeental repetition, total stem height at 35 DAH
was 22% lower in low irrigation compared to highgation treatments, but unaffected by
drought stress treatments. In contrast, total $teight at 36 DAH in the second experimental
repetition was unaffected by baseline irrigatiorelebut reduced 13% by short-duration drought
stress. Total stem height at 35-36 DAH in the éxperimental repetitions was remarkably

similar, ranging from 2 to 2.8 m per box in bottagge(Table 3-6).

Root weight and soluble solids

At the time of destructive harvest of the plotddwling two growing seasons, low
irrigation baseline treatments resulted in a 25de¥4rease in total storage root biomass (P-value
= 0.034), while having no effect on the concentratf soluble sugars (brix) in root tissue
(Table 3-7). In contrast, short-duration droughtss had no effect on root biomass, but resulted

in a 11.9% reduction in brix levels (P-value = @D5
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Summary and Discussion

Overall, this trial demonstrated several intergstlifferences between drought stress
treatments of different durations on the commombag variety, Guelph Millennium. In
particular, our results demonstrated that prolorigedievel drought stress reduced fern growth
(Table 3-3) and root weight (Table 3-7), while gkaturation intense drought stress, typical in
Michigan during July and August (Figure 3-1), hadajer impact on root carbohydrate
concentration (Table 3-7) and short-term yield (€&4). The trial confirmed our suspicion
that monitoring root carbohydrate levels is an egthte method for guiding management
decisions in the absence of more intensive samphimyaluate changes in storage root biomass.
The study also reinforced the conclusion from eeidfstudy, that targeted irrigation to avoid
short-duration drought stress can improve aspargiglds. In particular, we observed a 15%
improvement in yields one year after establishmérgn drought stress was avoided through
irrigation. Moreover, although long-term yield iagis could not be evaluated, increases in root
biomass and carbohydrate content due to irrigaioggest that yield boosts in subsequent years
would also be likely as a result of irrigation.

Although these results are interesting and shéd @ig the effects of different types of
drought stress, they should be interpreted cadjialige to several problems encountered along
the way. The basis of our greenhouse productiaihadelogy was from field practices used on
my farm; professional greenhouse growers may haadendifferent choices more adapted to
indoor production. Among the major challenges entened in this trial were: adapting field
data collection methods and devising establishraedtproduction protocols for a crop that’s

rarely produced indoors. The most complex issus® wncertainty about how to: initiate
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senescence in the asparagus plant, adapt to dtfgnicgrowth habits, and find effective non-

destructive evaluation tools for determining netrplproductivity.

Dormancy

Typically asparagus fern in the field browns oftihe middle of autumn. Krug (1999)
reported that either freezing temperatures or gegeyught stress could initiate “ripening” in the
asparagus plant. Drought is the primary methadibéting senescence in desert climates in
South America and California’s Imperial Valley. ®to the large cumulative water holding
capacity of the soil within the MAXC boxes involvedthis trial completely depleting available
moisture would have altered the seasonal growtieymatoo far beyond what could reasonably
occur in Michigan’s climate. Drought conditionstlsevere could easily alter the crown
development to an extent that would have renderalddata un-transferable into local field
conditions.

Walk in coolers were available for use but largeeters could not be located on campus
to freeze plastic containers. It was assumedrdmbval from daylight and acclimatization to
near freezing temperatures would bring about dooypaku and Woolley had found that
asparagus had a chilling requirement of three waekSC to break dormancy (2008). Once the
initial 2500 GDD had been achieved in the greenbquants were brought to the coolers and
left in unlit 3°C coolers for over a month with styong sign of senescence beginning. Addition
of fifteen liters of ice to the soil surface peofptlid not activate dormancy cycle by bringing
temperatures down to freezing.

After the initiation of this greenhouse trial Lagdmd Wolyn (2011) published a report

breaking down the senescence pattern of Millenrasparagus into three stages. Cues for each
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stage were broken down into a mixture of: amourdro¥vn nitrogen, moisture percentage in
fleshy root, short day length signaling, and leMelarious proteins and carbohydrates in the
crown. We concluded the simplest way to satistyugih of these factors to induce dormancy
was to bring the plants into contact with naturabts after a full growing season as occurs in the
field. After waiting another month in the unlitaer ambient outdoor temperatures dropped and
all boxes were placed outdoors and following onel lsernight frost event fern dormancy
quickly occurred.

This natural frost method was not always poss#itee the trial’'s time frames of
dormancy induction did not always correspond tagasr of cold outdoor temperatures (Table 3-
1). If the growing season ended between Octobegil this was not a problem in Michigan
but during the summer in the greenhouse 2500 G@Draalated very quickly resulting in at
least one problematic dormancy shift per calendar.y Potentially lower cumulative light
absorption occurred in these growing seasons dablieviated growth time frames and

asparagus’s maximum photosynthetic capacity ofraddild00 u mole (Faville et al.1999).

Temperatureregulation

The headhouse was selected to accommodate théavgeycontainers used in the
experiment and forklift, but ventilation systemsldamperature control were suboptimal,
resulting in variable temperatures ranging fromQ.@35 37°C between the seasons. Greenhouse
temperatures were documented at levels well ablarg photosynthesis shutdown threshold
during the day in the summer because side ventiag-@onditioning of the building was not

possible.
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Growth time had to be supplemented to some gros@agons to compensate for the
hours over 35°C that rarely occur in the 2500 GDIghWan growing season. In the summer of
2012 an additional 500 GDD was allowed to compenfatthis shutdown time. Also Takatori
(1971) noted finding that root growth dramaticalgws when temperature exceed 30°C so the
heat levels may have confounded differences indewelopment between the various treatments
because humidity levels could have altered thetsmiperature at root level. In a Michigan field
situation this never would have occurred becauskeotonsistently cool soils.

Another challenge conducting this trial was reldtedneven heat dispersion due to
placement of heaters at the ends of building aadatk of cooling capability in the greenhouse.
This temperature induced growth disparity was paldrly evident when outdoor temperatures
were below freezing causing a greater temperata@ient in different areas of the building.
Asparagus spear elongation rates are directly ledeckwith temperature (Ku 2008). Asparagus
in plots in the first repetition (particularly tilseuth-most box) often left dormancy more quickly
than the rest of the trial because of heating digea resulting from the forced air system’s
location. If this trial was repeated, the inclusif a guard row on the first plot would be
warranted, as would re-randomization of the plef®ke every growing season to improve data
quality.

Radiative heat loss through the plastic layer wasttized to be the reason for frost
damage shortly after harvest periods during theexias quickly growing stems are very frost
susceptible once no longer protected by proxinatghe ground. Once fern was formed fully and
hardened off it was resilient to minor radiativedr damage in the greenhouse.

Similar cosmetic frost damage to winter harvestszhss led to the consolidation of the

marketable and unmarketable spear categories. @omlall larger sized spears into one
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production amount was more reflective of actuahpiaeld potential. The small diameter spear
category was retained to represent similar smakuspthat emerge from minor growth buds in
the field. Likewise we did not engage in trimmioigover length spears and discount that weight
as other trials have, since in a production fila tmass could have been harvested between 20

and 30 cm with a daily harvest crew.

Unusually tall fernsin second season

By the second season in the greenhouse trialhfgghts were significantly taller than
field-grown asparagus of similar age. The heidlgame individual ferns measured well over
three meters while most field fern heights arealds two meters. Ferns were very leggy, with
weak stems resulting in pronounced canopy droopynthhe end of the growing season. This
may have been the result of either insufficieraltbght levels or altered light-spectrum
composition from the supplemental metal halidetlighwith natural light filtered through
plastic. The lack of wind, which is known to discage vertical growth, may have also played a

role, as could have soil pH.

Future work

Asparagus is a difficult crop to trial scientifialinder unpredictable field conditions, so
greenhouse work has value to complement field datather repetitions of similar large-scale
greenhouse studies, where all tissue root canitereal could be used to better understand how
asparagus responds to environmental pressurestidxddiinformation on the response of
soluble solid concentration and root growth in camabon with measurements of stomatal
conductance would be a logical extension of thiskwand would help inform asparagus

decision-tools like Aspire.

47



Rhizocam tubes had been installed in this trissahception to monitor feeder root
development but the process proved cumbersomeeymht the resources of this trial. Use and
analysis of digital rhizocams with root trackindgte@re during both drought events and
dormancy periods would be very useful to the badynowledge. In addition, inclusion of a root
pathogen factor, like Fusarium or Phytophthora @¢ddlp explain the commonly referenced but

little researched relationship between droughsstend asparagus soil pathogens.
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CHAPTER 4

Discussion

Field and greenhousetrial

Differences in fern number, cladophyll weight, d@atil dry fern weight were apparent
during both field seasons from irrigation treatnsemithough the drought conditions in Oceana
County weren’t as severe as they were in mucheoh#tion. The yield increases of 6 to 21%
with irrigation treatments during the 2012 fiel&asen were an indication to me that there are
effects in asparagus that cascade from one seasbe hext. I'd hypothesize that long-term this
positive trend, resulting from irrigation, will conue benefitting both plant survival rates and
yields; making irrigated plantings more lucrativeoagh to justify additional expenses. Cultivar
reactions to environmental stress and irrigatieattnents showed this may not be a “one size
fits all” situation. Our Diviner 2000 data illuated different water requirements from various
soil depths for the two cultivars: UG Millennium svenore responsive to surface watering,
making it a good match with fields with center gwvinstalled. Planting Millennium seedlings or
small crowns in sand under a center pivot wouldljikbe more beneficial than planting large
Millennium crowns in heavier soil (Sinton and Wis2008).

Our results suggest that some alterations in gg@gram may be warranted in irrigated
fields, since irrigation resulted in large amounitéresh fern growth that beetles appeared to
prefer for shelter and feeding (Lamparski et al®@0The same holds true with purple spot and
other foliar diseases related to leaf wetness hailtfsough we saw less of this than we expected
in our trial. Inclusion of chemical stickers withrfgicide sprays may also be warranted under

center pivot irrigation.
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Future work

Typically trials of this variety end at the poinh@n production is really coming into
maturity, when growers sunk costs are covered anfitpare made. Continuation of this field
trial for several more years will yield a great defausable information; even if data collection
rates are downsized the long-term trends observétbse plots will be much more applicable to
the industry.

Both increased usage of cover crops and alterdadimg® programs are options with
overhead irrigation that would be logical extensioffuture research. Soil health in our
existing production system would probably benebtf including a cover crop besides the
winter rye commonly employed, on alternating yevits normal residual herbicide use to keep
down perennial weed populations. Identifying systeinsecticides, fungicides, and nutrient
packages that could be chemigated into tricklgated asparagus is another practical topic for
future research.

Attempting higher density plantings with severaldam varieties in irrigated Michigan
fields would also be interesting; other irrigatedquction areas have already moved in this
direction. Although Ku (2006) and Schaller and Pa#t (2009) did some recent work on
asparagus’s photosynthetic rate, further investgaif modern North American cultivars in
field conditions would be helpful to optimizing veatsupply scheduling.

It appears that the Aspire soluble carbohydrateehadn’t be commonly utilized by
Michigan growers. One alternative approach, winngty have practical application and warrant

future research would be development of a tempegaind accumulated light growth model to
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better predict carbohydrate accumulation. Alregubyers depend on weather stations to
monitor fungal development and hopefully will hamsect pest modeling available soon.

Use of high tunnels both for drought research dtedesl harvest schedule production is
another area for prospective future work. Giveat gsparagus does not readily exhibit drought
stress symptoms, another topic that might beneditvgrs would be identification of easily
visibly wilting “indicator-plants” that could be ahted into the edges of irrigated asparagus

fields in the place of electronic sensors for atign scheduling.

Industry implications

The USDA NASS reported in 2010 that 1843 of Micliga4310 asparagus producing
hectares were planted prior to the year 2000; wiostese were replant situations with the New
Jersey Giant cultivar not known for its longevitythose situations. From 2005 to 2009 only
1112 hectares were planted in Michigan becauseeofi¢épressed markets (USDA NASS 2010).
The combination of stand age (+12 years), watesstduring the 2011 and 2012 growing
seasons, increased harvest pressure due to hags paind continued attrition from soil diseases
will quickly remove many of these older fields frggroduction. Additionally, growers intended
to plant only 1355 hectares from 2010 to 2015, sinde 2009 increased seed costs and limited
availability have further restricted new plantii@akker 2010-2012). A new challenge has
developed for Michigan growers: supply of both speand young plants during the past several
years have been tight and there is no indicatiantthis trend will reverse soon.

There is room for market growth as Michigan onlpgies 2% of the nation’s asparagus;
providing the Great Lakes region with its May andé fresh asparagus supply is a feasible goal

(Martin 2010). However, maximizing production pemit of land is essential to make asparagus
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profitable with the hand harvest system. Michigaasparagus industry has to focus on
consistent high quality production and improvinglgliper acre to meet this existing demand or
other production areas will step in and fill thedtdVlidwestern asparagus production levels
have the potential to rebound in the next severaades but significant adaptation of production
methods may be required in order for a full resnogeto occur.

Michigan is not an arid environment, but even vaittirought-hardy crop like asparagus,
supplemental irrigation can be of substantial vétwesnsuring consistent, optimum production
levels. Results from this study show that undertiveraconditions similar to the past several
years, yield increases from irrigation, in addittorincreased overall plant health are likely to
justify the additional cost of irrigation for Mio@n asparagus growers. Irrigation systems will
not necessarily provide substantial benefit evegryn Michigan, but the increased yield in dry
years in conjunction with high plant survival ratagr time due to greater plant health should

keep fields in higher production ranges longer.
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Table 2-1 Schedule of major events, 2010-2012

Wartield trial
2010 2011 2012
Dec.- NA Senescence Senescence
March
April NA

Field mowed/ Spear emergence/

Field mowed/ Spear
Fertilized/Harvest on 28th

emergence/ Multiple frostg
May Field Harvests on 9&12th/ Layby Harvest period of several
cultivated/Crowns herbicides applied weeks
planted
June Canopy Development/  Canopy development/ First

Fern canopy development
generation Miners/ Fungicides Multiple irrigation events

applied/ Irrigation started

Weed control

July Full immature fern 1 Full mature fern/ Drought period: Full mature fern/irrigation
Meter apx. multiple irrigation events/ Root
samples
August Full immature fern Full fern/Second generati Secondary canopy
canopy ferns develop/Irrigation  development/ Drought:
irrigation events
September Full immature fern Final irrigation/Semexe Full fern/Miner
initiated in Millennium evaluation/Irrigation pulled
October Senescence initiated

Semi-dormant/Firatdampling  Senescence initiated/ First

Fern sampling

Full senescence/ Second fern Semi-dormant/Second fer
sampling sampling

November Fern dormant/ Root
Samples
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Table 2-2 Stem number by category, 8 August 20iti12aAugust 2012.

Hart, Ml
2011 2012
Treatment Total New Mature Dead Total New Mature Dead
------ = 1 1011t
Irrigation Main Effect
None 28.6 1.6 25.4 1.6 28.3 6.3 b 21.0 2.4
Overhead 28.5 2.6 24.7 1.3 29.1 44 a 238 2.1
Drip 28.9 2.0 26.0 0.9 31.1 36 a 26.6 2.1
Variety Main Effect
Jersey 351 a 2.5 308 a 1.7 332 a 4.8 275 a 2.5
Millennium 223 b 1.5 199 b 0.8 258 b 4.7 201 b 1.9
Interactive Effects
Jersey
None 353 b 2.0 313 ab 2.0 30.5 6.9 22.3 3.4
Overhead 320 ab 3.1 270 b 1.8 33.0 4.0 28.5 2.1
Drip 380 a 2.5 343 a 1.3 36.1 3.3 31.6 2.0
Millennium
None 219 ¢ 1.1 196 c 1.1 26.0 5.8 19.8 15
Overhead 250 c 2.0 224 c 0.6 25.3 4.8 19.1 2.1
Drip 199 c 1.5 178 c 0.6 25.9 3.9 21.5 2.1
ANOVA s P-vallg-----==-m oo
Variety <0.0001 0.236 <0.0001 0.126 0.012 0.720 0.010 0.300
Irrigation 0.974 0.561 0.723 0.862 0.705 0.044 0.201 0.964
Variety x Irrigation 0.066 0.887 0.008 0.931 0.671 0.540 0.549 0.208

Different letters within a column and effect catggmdicate significant differences according toM&ans ¢=0.10).
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Table 2-3. Light interception by asparagus fefif,2and 2012.
Hart, Ml
2011 2012

Treatment 19-Aug 6-Sep 4-Nov 9-Jul 6-Aug 14-Sep

Irrigation Main Effect

None 772 b 747 b 69.7 b 68.3 65.3 83.3
Overhead 82.1 ab 85.0 a 78.7 ab 66.8 71.7 81.1
Drip 82.7 a 841 a 80.1 a 68.3 72.6 84.2
Variety Main Effect
Jersey 86.1 a 854 a 795 a 719 a 753 a 873 a
Millennium 752 b 771 b 728 b 63.7 b 644 b 784 b
Interactive Effects
Jersey
None 82.0 78.0 72.2 74.1 655 b 88.8
Overhead 86.1 89.0 80.9 68.9 782 a 87.9
Drip 90.2 89.2 84.9 72.5 821 a 85.2
Millennium
None 72.4 71.4 66.6 62.5 65.0 b 77.8
Overhead 78.2 81.1 76.4 64.7 65.2 b 80.6
Drip 75.2 78.9 75.2 64.0 63.1 b 76.9
ANOVA = s P-vallg------mmnmem oo
Variety <0.0001 0.001 0.009 0.001 0.001 0.002
Irrigation 0.078 0.019 0.053 0.792 0.102 0.583
Variety x Irrigation 0.346 0.702 0.583 0.359 0.027 0.823

Different letters within a column and effect catggmdicate significant differences according toM&ans ¢=0.10).
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Table 2-4. Fern stem and cladophyll dry weight,2@nd 2012.

Hart, Ml

Treatment

Irrigation Main
Effect

None
Overhead
Drip
Variety Main Effect
Jersey
Millennium
Interactive Effects
Jersey
None
Overhead
Drip
Millennium
None
Overhead
Drip
ANOVA
Variety

Irrigation
Variety x
Irrigation

Cladophyll

136 b
183 ab
211 a

195
157

132
202
250

NS

2011
Stem

883
986
1024

1065
852

971 ab
940 ab
1282 a

79 b
1046 ab
b

NS

0.0898

Early Fall

Total

1018
1210
1235

1283 a
1010 b

1122 ab
1187 ab
1539 a

0.084

Cladophyll
grams biomass/m2

2012
Stem

116 999
141 953
150 1003
134 1106
138 864
89 b 935
168 a 1110
144 ab 1273
143 ab 1062
114 ab 795
156 ab 733
NS 0.088
NS NS
0.099 NS

Late Fall
2011 2012
Total Total Total

1115 862 595
1093 945 652
1153 962 670
1240 1028 a 678
1001 818 b 600
1024 966 618
1278 1011 710
1418 1107 708
1205 758 572
909 880 595
889 817 633

NS 0.0207 0.3043

NS NS 0.6031
NS NS 0.9644

Different letters within a column and effect catggmdicate significant differences according toM&ans ¢=0.10).
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Table 2-5. Root soluble solid concentration, 2Q012.
Hart, Ml
2011 2012

Treatment Summer Fall Summer Fall

Irrigation Main Effect

None N/A 16.4 10.2 12.6
Overhead 9.6 16.5 9.3 12.5
Dri 7.5 16.0 9.2 12.1
Varierzy Main Effect
Jersey 73 b 16.2 8.9 12.6
Millennium 104 a 16.4 10.2 12.2
Interactive Effects
Jersey
None N/A 144 c 9.4 12.5
Overhead 9.7 16.2 bc 8.6 13.6
Drip N/A 180 ab 8.9 11.8
Millennium
None 10.4 183 ab 111 12.7
Overhead 9.5 16.8 bc 10.1 11.5
Drip 11.6 141 c 9.4 12.3
ANOVA P-value----------------
Variety 0.085 0.798 0.632 0.537
Irrigation 0.800 0.914 0.969 0.826
Variety x Irrigation  0.102 0.006 0.775 0.362

Different letters within a column and effect catggmdicate significant
differences according to LSMeans=0.10).
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Table 2-6. Weed and disease severity, 2011.

Hart, Ml
Marestail Purple spot
Treatment Density severity
# weeds per m sc visual rating
Irrigation Main Effect
None 0.32 4.9
Overhead 0.19 4.5
Drip 0.25 4.3
Variety Main Effect
Jersey 015 b 4.5
Millennium 0.36 a 4.6
Interactive Effects
Jersey
None 0.13 4.9
Overhead 0.14 4.3
Drip 0.17 4.4
Millennium
None 0.51 4.8
Overhead 0.24 4.8
Drip 0.34 4.3
ANOVA o P-value--------------
Variety 0.0399 NS
Irrigation NS NS
Variety x Irrigation NS NS

Different letters within a column and effect catggmdicate significant differences
according to LSMean:£0.10).

Visual rating (O=none; 10=severe)
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Table 2-7. Density and fern damage from key inpests, 2012.

Asparagus Miner damage

Hart, Ml
Insect density (7/9)
Asp. Japanese
Treatment beetle beetle

7/9

9/8

# insects per m of row
Irrigation Main Effect

None 03 b 0.5
Overhead 19 a 0.6
Drip 06 b 0.8
Variety Main Effect
Jersey 0.9 0.7
Millennium 0.8 0.6
Interactive Effects
Jersey
None 01 b 0.8 bc
Overhead 28 a 00 c
Drip 03 b 1.1 ab
Millennium
None 05 b 00 c
Overhead 1.0 ab 12 ab
Drip 09 ab 0.5 bc
ANOVA P-value
Variety 0.933 0.740
Irrigation 0.025 0.562
Variety x Irrigation 0.067 0.079

10.1
11.8
11.2

13.4
8.2

12.9
14.5
13.0

% of stems damaged

26.4
23.3
19.8

187 b
276 a

23.4
16.1
16.5

29.3
30.5
23.1

Different letters within a column and effect catggmdicate significant differences according toM&ans ¢=0.10).

Visual rating of percentage of stems with significeniner damage
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Table 2-8. Asparagus yield and quality, 2012.

Hart, Ml Quality assessment
Size category
Yield Number Spear wt Small Large Jumbo
kg/ha #/ spear g/spear % of harvested spears
plot
Irrigation Main Effect
None 2916 b 153 14.6 25.8 73.2 1.0
Overhead 3,279 a 160 15.6 22.3 76.9 0.8
Dri 3,236 a 164 15.4 24.6 74.0 1.4
P
Variety Main Effect
Jersey 3,297 a 187 a 141 b 25.0 74.1 0.9
Millennium 2991 b 131 b 16.3 a 23.5 75.3 1.2
Interactive Effects
Jersey
None 3,144 178 b 138 ¢ 26.0 72.9 1.1
Overhead 3,317 180 a 149 bc 23.9 75.3 0.8
b
Drip 3,429 204 a 13.6 bc 25.0 74.1 0.9
Millennium
None 2,688 129 c 153 a 25.7 73.4 1.0
b
Overhead 3,242 140 C 163 a 20.7 78.5 0.8
Drip 3,043 125 c 171 a 24.2 73.9 1.9
ANOVA P-valu@----=====— e -
Variety 0.0028 <0.0001 0.0001 0.1681 0.2294 0.3927
Irrigation 0.0141 0.4419 0.5143 0.5255 0.4433 0.4461
Variety x Irrigation 0.1427 0.082 0.0607 0.4639 0.3008 0.4524

Different letters within a column and effect catggmdicate significant differences according toM&ans ¢=0.10).

Quality measures were taken from subsample at tinmevest dates only.
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Table 2-9. Soil chemical properties, 2012.
Hart, Ml
Treatment pH K P Mg Ca

parts per million
Irrigation Main Effect

None 66 b 111.4 98.1 776 b 447.6
Overhead 70 a 91.5 115.8 974 a 488.5
Drip 6.6 ab 106.4 103.4 733 b 448.5
Variety Main Effect
Jersey 6.7 103.8 105.9 83.5 473.3
Millennium 6.7 102.4 105.6 82.0 449.5
Interactive Effects
Jersey
None 6.6 1243 a 91.0 78.5 467.3
Overhead 7.0 855 ¢ 119.5 93.3 478.3
Drip 6.7 101.5 bc 107.3 78.8 474.5
Millennium
None 6.6 98,5 bc 105.3 76.8 428.0
Overhead 7.0 97.5 bc 112.0 101.5 498.0
Drip 6.6 1113 b 99.5 67.8 422.5
ANOVA e P-value--------====— e
Variety NS NS NS NS 0.080
Irrigation 0.082 NS NS 0.015 NS
Variety x Irrigation NS 0.016 NS NS 0.080

Different letters within a column and effect catggmdicate significant differences according toM&ans ¢=0.10).
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Figure 2-1. Estimated evapotranspiration (ET) minus rainfalMeen July and August, Hart, MI, 1997-2012. ET
estimates were calculated as product of PET arawefficient for asparagus fern.
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Table 3-1. Calendar of Activities.

2011-12 2012-13
Season 1
Crowns planted 3/15/11 5/1/12
First stem emergence 4/15/11 6/1/12
Baseline irrigation differences initiated 6/1/11 6117/4
Drought stress initiatied (trts xy) 6/13/11 6/28/12
Drought stress terminated 6/28/11 7/16/12
Root Brix sample NA 7/23/12
Cold dormancy initiated 8/2/11 8/20/12
Fern dry weight samples 11/3/11 11/14/12
Season 2

Moved back to greenhouse and watered 11/3/11 1/9/13
Spears up 11/7/11 1/21/13
Harvest initiated 11/8/11 1/21/13
Harvest terminated 12/5/11 2/13/13
Fern stem counts and heights taken 12/16/11-2/10/320/123-3/19/13
Baseline irrigation differences initiated 1/20/12 2%
Drought stress initiatied (trts xy) 1/27/12 3/7/13
Drought stress terminated 2/17/12 NA
Cold dormancy initiated 3/21/12 NA
Fern dry weight samples 4/6/12 NA
Roots excavated 4/10/12 NA
Root Brix sample 4/10/12 NA
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Table 3-2. Total stem nunrber during first season.

2011-12 2012-1:
523711 6/23/11 7/2811 6/18/12 7/19/12 8/20/12
69 CAFP 100 CAF 135CAF 48LCAF 79CAF 111 DAF
Treatment Total Total Total Total Total Total old Fern New Deac
------------------------------------------------------- FH/ DOX === m e e
Irrigation Main Effect
High 13.8 32.6 45.4 111 203 a 336 204 a 9.8 15 20
Low 12.4 30.8 44.1 128 168 b 29.0 150 b 9.8 21 14
Drought Stress Main Effect
No drought 13.3 32.6 46.8 12.3 195 338a 200A 101 23 14
Drought 12.9 30.8 42.8 12.6 175 289 b 154 B 9.4 14 20
Interactive Effects
High Irrigaiton
No drought 14.8 33.5 47.5 11.3 21.5 36.8 235 9.8 20 15
Drought 12.8 31.8 43.3 13.0 19.0 305 173 9.8 1.0 25
Low Irrigation
No drought 11.8 31.8 46.0 13.3 17.5 30.8 165 10.5 25 13
Drought 13.0 29.8 42.3 12.3 16.0 27.3 135 9.0 1.8 15
ANOVA e P -ValU€-----=mmmmmm oo
Irrigation NS NS NS NS 0.045 0.12: 0.019 NS NS NS
Drought NS NS NS NS 0.22¢ 0.038 0.001 NS NS NS
Irrig. X Drought NS NS NS NS 0.75¢ 0.49¢ 0.071 NS NS NS

Different letters within & column end effect category indicate significant differences according 1o LSMeans (a=0.10).

DAP = Days after planting; Old = Fully mature; FeriNewly mature; New =Not fully developed.

72



Table 3-3. Fern dry weight

2011-12 2012-1
Treatment T102711 T 4/11/12 _ Tota 11/6/12
------------------------- 9/bOX=----=-mmmmmm e
Irrigation Main Effect
High 309 423a 732 a 165
Low 288 285b 572D 151
Drought Stress Main Effect
No drought 314 366 680 159
Drought 283 341 624 156
Interactive Effects
High Irrigaiton
No drought 326 423 749 174
Drought 293 423 715 155
Low Irrigation
No drought 301 310 611 144
Drought 274 260 533 158
ANOVA e P -value-------------------—-.
Irrigation 0.235¢ 0.0002  0.0007 NS
Drought 0.108¢ 0.290C  0.115€ NS
Irrig. X Drought 0.859¢ 0.290C 0.510: NS

Different letters within & column end effect category indicate significant
differences according to LSMeans=0.10).

fern had dropped cladophylls at time of 2012-13 jslarg
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Table 3-4. Spear weight and nunber

Spear Yield Spear Number Weight per spear
Treatment 2011-1z 2012-17 Corrbined 2011-122012-1: Corrbined 2011-1z 2012-1 Corrbined
g/box #/box glspear
Irrigation Main Effect
High 152.0 151.8 151.9 19.6 16.6 11.3 7.4 9.6
Low 147.9 143.2 145.7 19.1 155 11.7 7.7 10.0
Drought Stress Main Effect
No drought 160.2 161.5 1609 a 20.9 173 a 116 7.7 9.9
Drought 139.6 1321 1361 b 17.7 148 b 114 7.5 9.7
Interactive Effects
High Irrigation
No drought 159.0 165.5 162.3 ab 185 17.1 11.7 7.5 9.9
Drought 144.9 138.0 1415 a 208 16.1 10.8 7.3 9.3
Low Irrigation
No drought 161.4 157.6 1595 a 21.0 175 11.5 7.8 9.9
Drought 134.4 124.1 1300 b 16.7 13.3 12.0 7.7 10.1
ANOVA
Irrigation NS NS NS NS NS NS NS NS NS
Drought NS NS 0.074 NS NS 0.064 NS NS NS
Irrig. X Drought NS NS NS 0.099 NS NS NS NS NS

Different letters within & column end effect category indicate signifi cant differences according 1o LSMeans (a=0.10).
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Table 3-5Total stem nurrber following hervest.

DAH = Days after hervest

2011-12 2012-1:
12-Dec 11-.an  22-Feb 20-Feb  13-Mar
Treatment 7DAH 30CAH 69 LCAH 7DAH 28 CAH
---------------------------------- #/DOX---------mmm oo
Irrigation Main Effect
High 8.3 131 a 136 a 9.3 10.8
Low 6.8 101 b 103 Db 9.3 11.6
Drought Stress Main Effect
No drought 7.8 12.0 12.4 9.5 11.5
Drought 7.3 11.3 11.5 9.0 10.9
Interactive Effects
High Irrigaiton
No drought 7.3 13.3 13.8 9.8 11.5
Drought 9.3 13.0 13.5 8.8 10.0
Low Irrigation
No drought 7.3 9.0 11.0 9.3 11.5
Drought 6.3 8.5 9.5 9.3 11.8
ANOVA e P -valug-----------------—-omm .
Irrigation 0.108 0.004 0.001 NS NS
Drought 0.567 0.36¢ 0.271 NS NS
Irrig. X Drought 0.10¢ 0.54( 0.42¢ NS NS

Different letters within & column end effect category indicate <signifi cant differences

according to LSMean%£0.10).
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Table 3-6.Total stem height efter hervest

DAH = Days sfter hervest

Sum of spear heighis Maximum height

2011-12 2012-1: 2012-1¢

16-Dec 30-Dec  10-Feb 20-Feb 27-Feb 20-Mar 20-Feb 27-Feb 13-Mar 20-Mar

Treatment

11 DAH25 DAH36 CAH

7 DAH 14 DAH35 CAH 7 DAH14 CAH 28 DAH 35 DAH

cm/plot
Irrigation Main Effect

cm

High 394 682 2802 a 435 1,255 2,282 114.0 208.0 2520 a 264.0
Low 360 544 2174 b 395 1,099 2,205 99.0 191.0 2290 b 254.0
Drought Stress Main Effect
No drought 337 607 2,580 412 1,232,395 a 102.0 202.9 244.2 265.0
Drought 417 620 2,395 418 1,1232,091 b 110.7 196.5 236.5 251.0
Interactive Effects
High Irrigaiton
No drought 294 633 2,825 384 1,283 2,478 106.0 210.0 259.0 4.027
Drought 477 731 2,779 486 1,225 2,086 122.0 206.0 244.0 253.0
Low Irrigation
No drought 378 580 2,337 440 1,179 2,312 98.0 196.0 229.0 .0257
Drought 333 509 2,013 350 1,020 2,097 100.0 187.0 229.0 251.0
ANOVA P-value
Irrigation NS NS 0.003 NS NS NS NS NS  0.048 NS
Drought NS NS NS NS NS 0.029 NS NS NS NS
Irrig. X Drought NS NS NS NS NS NS NS NS NS NS

Different letters within & column end effect category indicate signifi cant differences according 10 LSMeans

(«=0.10).

Note drought stress in second year was applie 8t/H in 2012, and 22 DAH in 2013
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Table 3-7. Finel root weight and <oluble <olids, 2011-1Z

2011-1z
Treatment Root weight  Sol. Solids
g/box % Brix
Irrigation Main Effect
High 1698 a 16.2
Low 1352 b 15.2
Drought Stress Main Effect
No drought 1549 16.7 a
Drought 1501 14.7 b
Interactive Effects
High Irrigaiton
No drought 1755 16.3
Drought 1640 14.1
Low Irrigation
No drought 1342 17.1
Drought 1361 15.3
ANOVA e P -value---------
Irrigation 0.034 NS
Drought NS 0.058
Irrig. X Drought NS NS

Different letters within € column end effect category
indicate significant differences according to LSMga
(«=0.10).
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