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ABSTRACT

Hydroponic spinach is not produced commercially in the United Stadey.tConsumer demand is high

for clean, fresh spinach of consistent quality, and the greenhouse product (particularly when locally grown)
has definite advantages over the figldwn product in terms of quality, shelf life, consistency, cleanliness
and pdential valueadded features. Two primary problems have prevented commercial hydroponic spinach
production in this country: uneven and inconsistent seed germination, and frequent early onset of the root
rot diseaseRythium aphanidermatunT his project reprt details two methods to assure consistent seed
germination, one for dehulled seeds and one for intact seeds. Each method is based on careful control of the
water content and temperature of the germination medium. The primary focus of the work wag leafbab
spinach. A floating hydroponic system was developed wherein plant density, nutrient solution quantity,
photoperiod, light integral and temperatures (root and aerial) were optimized. A methapdw leaves
following a first harvest was shown tacrease overall productivity. Root disease was controlled through a
very stringent protocol of cleaning between crops. Costs of commercial production were estimated by
analogy to the commercigktale lettuce production facility that has been operated bye@dor the past

several years.
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SUMMARY

The project of developing a commercially viable CEA spinach production system was divided into 6 tasks,
which are the subjects of the 6 chapters of this report. The first two tasks were considered the most
difficult: to develop reliable methods for seed germination and seedling production, and to solve the disease
problem that has obstructed commercial greenhouse production in the past. The remaining tasks were to
develop and optimize the biomass productgstem, to evaluate cultivars, to examine market potential for
different categories of hydroponically grown spinach, and to analyze cost of production.

Research into the disease problem led to a protocol for continuous production -téddirgminach ira

deepflow pond system. The system requires disease free seedlings for transplant and respacing 9 days
after seeding, cooling of the pond nutrient solution tC2® limit rate of growth of pathogens, and
treatment of the solution to keep the conceitranf pathogens to an acceptable level. This protocol has
been successful on a berstale production level but is not yet tested on a commercial scale. Results
suggest a protocol similar to that for lafigaf spinach will prove feasible for disease ttohin production

of babyleaf spinach.

Research into seed germination and seedling production led to two new methods to produce seedlings
rapidly, synchronously, and with high percentage germination using either intact sediliedseed.

For dehulled seed, the recommended method is to plant seed intelksailedium with precisely
controlled moisture content; after 48 hours incubation &C28ats are ready for flotation. This method

also works well with good quality intact seed. For problérahintact seed, the seed is imbibed and then
partially dried under controlled conditions before planting.

The biomass production research of this project focused on methods to produteababinach. Factors

that were examined were: the effects ofitig of harvest, plant density, photoperiod, and temperature (of

both the root and shoot zone) on plant morphology, and productivity and quality of the commercial portion
of the harvest. Recommendations based on the results are: a crop cycle of 14ygwighda daily light

integral of 17 moles fh(dependent on cultivar and desired leaf size), a plant density of 1500 pignts m

root zone and aerial temperatures betwee2ihd 25C (dependent on cultivar), and that the photoperiod

be long enough toityger bolting, which increases productivity. We investigated repeated harvesting of the
same spinach stand and concluded significant benefits could be derived from a second cutting. Because of
the very high plant density required in badkgf production ad the large area harvested daily, flat filling,
seeding, and harvesting need to be mechanized. For logistical and safety reasons we recommend a pond
system be used, but to facilitate continuous treatment of the solution we recommend the volume of nutrient
solution be kept as small as is feasible.

Numerous commercial cultivars were examined and informally compared through the course of the
research. In critical experiments in the seedling and crop production phase, two successful cultivars of
contrasting gowth habit (Alrite and Eagle) were compared in order to cover the range of plant response
likely to be encountered in the spinach crop.

The market potential of hydroponically grown spinach was evaluated in consultations with an industry
expert. Demand fospinach is high and the greenhouse product has undeniable advantages over the field
product in terms of quality, shelf life, potential valagded features, and yemund reliability of supply,

but it became apparent that a different marketing systemeded for the greenhouse product from that

used for the field crop because of differences in the methods of production. The CEA product is produced
locally and packaged on site, and may be wholesaled directly to institutional customers and market chains.
The appropriate price comparison between CEA and field produfteishe field product has undergone
long-range transport, washing and packaging. In this comparison, the CEA product compares favorably.

Cost of production for spinach was based omitkxt analyses of cost of production for lettuce in a
commercialscale greenhouse we have operated for five years, and on a doctoral dissertation projecting
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costs of lettuce production in different locations with different climates and cost structutesilgdy in

terms of electricity and property taxes). Under the same daily light integral used for lettuce (17 Rples m
spinach achieves the same light use efficiency and whole plant productivity as lettuce. The main
differences between lettuce andnseh production are when and where labor is required and in the degree
of automation necessary. For the baby spinach crop, much more daily seeding is required than for lettuce,
but there are no transplant and respacing steps. The methods of harvefitallg different. If the full
possibilities of automation are incorporated into spinach production we estimate the cost of production will
be only a little less than for lettuce in terms of whole plant biomass. Because the commercially useful part
of thespinach plant constitutes only 50% of the whole plant, it means the cost of the saleable part must be
nearly twice that of lettuce. However, the retail price of baby spinach is approximately three times the retail
price of lettuce when sold by the poud§ versus $2). We estimate the cost of production of baby

spinach at a favorably located production facility, packaged and ready for wholesale distribution, is less
than $3, which is half the current retail price.
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CHAPTER 1. THE ROOT DISEASE PROBLEM

Task 1: Develop means to limit and prevent the root disease problem in hydroponically grown
spinach.

INTRODUCTION

Most leafy salad crops under consideration for hydroponic production present no prathienot

disease. Spinach is an exception, being particularly vulnerable to the ubiquitousnaiaterythium
aphanidermatunfPA). This is also known to cause damping off of seedlings of many species in wet soil.
PA was positively identified as the maathogen attacking spinach roots in hydroponic systems at
Cornell.

PA flourishes in the presence of spinach roots in hydroponic systems; it finds the roots by means of mobile
singlecell propagules called zoospores. Once these have landed upon theygws, penetrate the root
interior leading to destruction of root function and wilting and death of the above ground part of the plant.
At the same time as the attack on the roots is continued internally, the colony periodically releases
additional zoosps into the nutrient solution that spread infection further. If the first wave of attack does
not destroy the root system, successive waves likely will. Under certain circumstances, PA invasion can
result in extremely rapid plasdll. In one experimenin our program, healthy 1@ay old seedlings of

several cultivars of spinach were placed into a deep flow hydroponics pond from which an infected crop

had recently been harvested. After only 5 days, every single transplant had collapsed, never to recover.

Within this project, basic research was performed to determine the effects of timing of infection, pathogen
concentration in the nutrient solution, and temperature of the nutrient solution on spinach crop productivity.
As a result, a protocol for contiaus production ofargeleaf spinachin a pond growing system was
determined. The feasibility of continuous productiomalbyleaf spinachn pond systems is less certain,
because baby plants are more vulnerable to attack on their root systems. Fsetdrehris in progress to
determine the costffectiveness of various treatment systems and growing systems for disease control in
the baby spinach crop.

CHARACTER OF THE DIS EASE ORGANISM

PA is a fungudike organism in a group known as water molds. Taxoyn unsettled at the kingdom
level. It is considered to be a Protista in the five kingdom scheme, but the Protista themselves are
sometimes divided into several kingdoms. The phylum is Oomycota, the class Oomycetes, order
Peronosperales and the familyPigthiaceae. The genus Pythium is closely related to the genus
Phytopthera which is responsible for potato blight.

1-1



When food sources are plentiful, the primary means of dispersal of PA is through the zoospore (zos) whose
sole function appears to be spracthe species to new hosts. Zoospores (zoss) are asexually produced
propagules equipped with flagella (2 each) that permitgelpulsion in ponds and soil solutions. Spinach
evidently emits a chemical that is attractive to zoss, which are able tioeirsBtagella to follow a vector of

this chemical to its source.

Zoss are shotltved organisms with small energy reserves; if they do not find a suitable food source, after
less than an hour they lose their flagella and encyst. However, they care snriliquid medium for

several days encysted (or dry conditions for a few hours); in encysted form they may still be passively
transported in circulating nutrient solution, in splashed water, on hands, or in dirt and soil in pots. Should

they encountea favorable host, they will extrude hyphae and commence colonization.

Zoss are produced in vast numbers from the basic vegetative stage of PA, mycelium, which supports
development of sporangia and oospores, both of which produce vesicles that contaiousuzoss.

Oospores are primarily involved in sexual reproduction and dormancy.

PA can also be spread by vegetative structures. Under the right humidity and temperature conditions,
mycelia threads grow outwards in all directions, forming mats on sgréawthrealimensional lattice
structures in the air by which the pathogen can spread laterally and vertically to new plants or plant parts.
In circulating nutrient solution, fragments of mycelia and bres#rinfected plant material are other

means of persal.

Pythium also has a deeply dormant survival mode, the encysted oospore, which can endure for long periods
of time (many months) in very dry conditions, and even longer in moist soil; presumably, long distance

transport of these propagules is poissin highwind conditions.

BASIC RESEARCH

The problem of root disease in spinach caused by PA was addressed directly in the doctoral work of Leslie
Katzman (supported in part by NYSERDA under this grant), and is reported in her doctoral dissertation
(Katzman, 2003). Key findings are presented below. Katzman analyzed the microorganism content of a
hydroponic pond nutrient solution after it had developed and demonstrated lethality for spinach, and
isolated virulent strains of PA and several other ogyas from the mix of microorganisms in the nutrient
solution. She developed techniques for reliably producing a supply of virulent strains of PA zoss in known
guantities to be used in subsequent research. The above account of the pathogen was abstraeted f

dissertation.
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Effect of Time of Inoculation With Pythium

Katzman first examined the effect of time of introduction of PA zoss in the spinach growth cycle on
subsequent plant growth. Tubs in which plants were grown hydroponically were inocuthtedss to
achieve a concentration of 2500 zos,roin day 1, day 9, day 14, or day 21 of an experiment in which the

plants were harvested on day 28. The results in terms of dry biomass of shoots produced are shown below.

09 .
Time of
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= ]
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A e
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-vé'l 0.4 - BmD-9
g ED-14
= 03+
OD-21
02 -
0.1 1
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Figure 1-1: Influence of time of inoculation on shoot dry mass of spinach. Means and
standard errors of shoot dry mass of plants inoculated with P. aphanidermatum zoospores
on different days (1, 9, 14, or 21) after sowing and harvested 9, 14, 21, and 28 days after

sowing.

A trend B apparent such that the earlier plants were exposed to the pathogen, the larger the effect of the
pathogen in terms of reduction in final shoot biomass. It can be seen plants exposed to PA from the start
(D-1) did extremely poorly, achieving just 13%ettveight of control plants. In fact, 68% of the plants died

in this treatment. Plants inoculated on day 9 managed to achieve 68% the weight of controls; those
inoculated on days 14 and 21 achieved 81% and 85% respectively. Root and shoot condititatedvere

and the findings corresponded to the findings for weight.
The amount of inoculum used on each inoculation date was the same. If the amount of root tissue invaded

were the same on each occasion, proportionately less of the root would have beeeraatosiiccessively

later inoculations because the root system was progressively larger. One suspects that in the case of later
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inoculations, not only was there less time for damage to occur before harvest, but that less critical damage

occurred becauséwas spread out over a larger root system.

Populations of zoss free in the nutrient solution were measured on days 1, 9, 14, 21 and 28 in all conditions
using a filtration and plating technique. The pattern was for the highest concentration to oafterjust

inoculation (as one would expect), and for the concentration then to fall to very low levels a week later.
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Figure 1-2: Influence of time of inoculation on populations of zoospores in nutrient
solution. Means and standard errors of zoospores per ml detected in nutrient solution for
harvests at 1, 9, 14, 21, and 28 days after sowing. Treatments varied the timing of

inoculation of spinach plants with P. aphanidermatum: days 1, 9 ,14, and 21 after sowing.

It may be significant that in the d&yinoculation condition, the zos population in the solution eventually
recovered strongly, after a period of 19 days (day 28, the end of the experiment). This rebound in
population was the result of a concerted release of zoss produced in or on the infésteshddikely

would have resulted in a secondary round of infection and damage had the crop been allowed to continue
growing. In the dayl4-inoculation condition, the free zos population also appeared to be rising after 14
days; however, at this pointdlexperiment was terminated, so the full extent of recovery was not

determined.

The manner in which infection spreads after initial inoculation and the reproductive cycle in infected roots

is of great interest. It is possible zos production and reldesessendogenous periodicity, or is triggered

14



by hostplant developmental stage or food resource scarcity. If this is the case, knowledge of it could be

used to advantage in disease control.

Effect of Introduction of Biosurfactants

In this phase of the wtly, Katzman tested the effect of adding biosurfactants to the nutrient solution on PA
suppression. It may be said that although biosurfactants were effective in killing PA, they also stunted the

spinach; consequently, this line of investigation was drdppe

Effect of Concentration of Infecting Agent

Katzman investigated the effect of different concentrations of PA on shoot growth of spinach when
introduced into the nutrient solution at time of transplant (day 9). The concentration series ranged from 2.5
mi™ to 25,000 nil' by factors of ten (2.5, 25, 250, 2500, 25000). An uninfected control was also included.

Zoospore
dosage per
ml of
nutrient
solution

00 (control)
| o2

1 025

1 @250
2500

| m2s000

Shoot dry mass (g)

9 14 2 28
Harvest (days after sowing)

Figure 1-3: Effects of P. aphanidermatum zoospore dosage (2.5 to 25,000 in 10-fold
increments) on mean shoot dry mass and standard error of spinach harvested 9, 14, 21,

and 28 days after sowing.

A clear trend can be seen for increased doses of PA to have had progressively greater detrimental effects on
shoot biomass, an effect that became more apparent as the plants aged, indicating it is eoetthudiilg

pathogen concentration to a low level. Concentrations up to 2Bawl only rather small and statistically
insignificant effects on biomass, even after exposure for 19 days. Concentrations more thaht2D ml

large, significant effects, witweight deficits of more than 25%.
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Populations of zoss free in the nutrient solution were measured in all conditions on days 1, 9, 14, 21 and 28

with results as shown below.

= Zoospore
= dosage per
= ml of
|7 .
- nutrient
2 solution
=
= oo
o
= 025
3
o ne
j:j |25
_g
e
e [ 250
L1
.‘17-‘_ -
= W 2500
ﬁ
=
& ne
N W 25000
9 14 21 28
Harvest (days after sowing)

Figure 1-4: Effects of P. aphanidermatum zoospore dosage (2.5 to 25,000 in 10-fold
increments) on mean zoospore population per ml of nutrient solution for harvest at 14, 21,

and 28 days after sowing.

The concentrations of zoss recovered from the nutrient solution just after inoculation was highly correlated
with the target inocution concentration, as expected, after which it fell over time. By day 21, zos
concentration was very low in all conditions. Interestingly, the concentration built up again, reaching
relatively high levels irall conditions by day 28, and thus considdyaxceeding the initial concentration

in the 2.5 and 25 rillconditions. The pattern for the 2500 haondition was nearly identical to that in the
previously described experiment for the éinoculation, as it should have been since it was in effect a

replication.

These results suggest several things: First, in the higher concentrations it took two weeks for the zos
population to drop to very low levels, suggesting some of the original zoss remained viable in the nutrient
solution for this duratiorthough probably incapable of independent mobility. It suggests zoss may not
always be quite as shdited as generally thought. Second, there appears to have been only a very low
level of release of zoss, if any, over the two weeks following inoculatisis clearly true for conditions

with inoculation rates of 2.5, 25, and 250'm&nd most likely true for high concentration conditions as

1-6



well. Third, production and release of new zoss appears to have occurred at the same time after inoculation,
regardless of initial inoculation concentration. Under the conditions of this experiment, the zos reproductive
cycle appeared to follow a time schedule. One may speculate it took this long for critical conditions to be
reached in the PA colonies in the p&ntf zos landings were spatially dispersed in the initial infection,

most invasions would expand from point sources and be similar with respect to crowding and food resource
availability under different inoculation rates. The uniformity of timing obselary zoss release may

alternatively be synchronized with plant developmental stage, as Katzman suggested.

There were no statistically significant differences in concentrations of free zoss on day 28 among the
inoculation conditions. They were allsigni cant |y di fferent from the control
level. More information is needed to interpret why this was the case, when one would expect more zos

production from the more heavily colonized plants.

Effect of Root Zone Temperature

Katzman6s fi nal series of experiments focused on the ef
the roots, and effects of root disease and temperature on shoot growth and quality. Healthy seedlings were

transplanted on day 9 into either clean nutrgaitition, or solution inoculated with zoss to a concentration

Nutrient solution

2 temperature “C and
4 presence or
35 ] absence (=/-) of P.
=0 aphanidermatum
g 3 (Pa)
22 018 -Pa.
s 2 O24-Pa
= 15 W30-Pa
| Ols+Pa
H24+Pa
0.5 W30+Pa

9 14 21 28

Harvest (days after sowing)

Figure 1-5: Influence of nutrient solution temperature and inoculation with P.
aphanidermatum on shoot dry mass. Means and standard errors of dry mass (g per plant)
for harvests at 9, 14, 21, and 28 days after sowing. Treatments varied the nutrient solution

temperatures (18, 24, and 30°C) and presence or absence (+/-) of P. aphanidermatum (P.a.).
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of 2500 mf*. Solution temperatures examined were 18, 24, 8€ 3Marvests were made on d&ysl4,

21, and 28. Findings with respect to dry weight of shoots are shown in the Figureldw.

The trends seem to indicate a faff in biomass with each temperature increase, and-affdlh biomass

with PA inoculation, at least in the day 2&Vest. However, due to high variability in plant size, few of the
possible comparisons among shoot weights in the 18 &iit2dperature conditions were actually
statistically significant. Infected and namfected plants were not different at either temature, and there
was no statistical difference between plants grown at 18 &it@lia4erms of biomass. Plants grown at
30°C, on the other hand showed significant differences between diseased atidea@ed conditions, and

in comparison to plants grovat both lower temperatures. The full results of the statistical analysis are

shown in Table 41 below.

Comparison Harvest day (days after sowing)
s
Tempf_r;t:re = Harvest 14 Harvest 21 Harvest 28

18 =Pa vs. 24-Pa NS NS NS
24 -Pa vs. 30-Pa. NS 3 ok
18 —=P.a. vs. 30 —P.a. NS * B
18 —P.a vs. 18+ Pa NS5 NS NS
24—Pg vs 24+ Pa NS NS *

30—-P.a. vs. 30+ Pa. o o ok
18+Pa vs. 24+ Pa. NS NS NS
24+Pa vs. 30+ Pa o o ok
18+ Pa vs. 30+ Pa. o wE i
18 —P.a vs. 24+ Pa. NS NS i
18—Pa vs. 30+ Pa o o ok
24—Pg vs. 18+ Pa. NS NS NS
24-Pa.vs. 30+ Pa. o o o
30—Pa vs. 18+ Pa. NS - *

30-Pa vs. 24+ Pa NS wE NS

* The mean difference 1s significant at the 0.05 level.
#%* The mean difference 15 significant at the 0.01 level.
Tablel-1: Tukeybds HSD comparisons me an

grown in different nutrient solution temperatures (18, 24, and 30°C) in the presence or

absence (+/-) of P. aphanidermatum (P.a.).

While there were no significant differences in shoot dry weights of plants grown in inoculated solution at
18 and 24C on either day 21 or day 28, there were striking differences iraeguee and quality of the
leaves and in root disease symptoms in these conditions. These effects showed as early as day 21.

Symptoms of deterioration in leaf quality resulting from presence of PA in the nutrient solution are shown

for harvests on days 121, and 28 in figures-&, 1-7 and 18 respectively. See below.

1-8

mas s



Shoot symptom
severity
category

| death. plant dry

O green, turgid

O vellow/necrotic
cotyledons
O yellow/necrotic
true leaves

B slight wilt

W total wilt

and brown

100 -
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0 } 00— $ "'. }

18-Pa 24-Pa 30-Pa 13+Pa 24+Pa 30+Pa
Solution temperature (°C) and presence or absence (+/-) of P.
aphanidermatum

Figure 1-6: Influence of nutrient solution temperature (18, 24, and 30°C) and the presence

or absence (+/-) of P. aphanidermatum (P.a.) on severity of spinach shoot symptoms for

harvest day 14.
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4 — .
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w 5 soYb-----4F-----{------|}------ Ovellow mecrotic
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a e 1
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Figure 1-7: Influence of nutrient solution temperature (18, 24, and 30°C) and the presence

or absence (+/-) of P. aphanidermatum (P.a.) on severity of spinach shoot symptoms for

harvest day 21.
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Figure 1-8: Influence of nutrient solution temperature (18, 24, and 30°C) and the presence
or absence (+/-) of P. aphanidermatum (P.a.) on severity of spinach shoot symptoms for

harvest day 28.

By day 21, 30% of leaves in the°®linoculated (+ P.a.) condition were defective in some way, compared
to oy 3% in the 18C + P.a. condition, and by day 28, 50% were defective in th@ 24°.a. condition

compared to only 6% in thei8 + P.a. condition.
Effects of PA infection were found in the roots in more advanced and exaggerated form than were

manifestedn leaf appearance, as reflected in Figurés 1-10, and 111, for harvests on days 14, 21, and

28 respectively. See below.
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Figure 1-9: Influence of nutrient solution temperature (18, 24, and 30°C) and the presence

or absence (+/-) of P. aphanidermatum (P.a.) on root rot rating for spinach harvested on

day 14.
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Figure 1-10: Influence of nutrient solution temperature (18, 24, and 30°C) and the presence

or absence (+/-) of P. aphanidermatum (P.a.) on root rot rating for spinach harvested on

day 21.
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Figure 1-11: Influence of nutrient solution temperature (18, 24, and 30°C) and the presence
or absence (+/-) of P. aphanidermatum (P.a.) on root rot rating for spinach harvested on
day 28.

It can be seen by day 28 none of the roots of plants in tl& iBdculated condition were white any longer,
and in the 18C condition only 50% were still white. Thus, the disease was progressing rapidly in the roots
in all temperature conditions if they had been inoculated, despite not always being highly evident in th

shoot dry weight measures, and the higher the temperature the worse the symptoms.

Katzman went on to look at temporal development of sporangia and oospores on the roots (sporangia

produce additional zoss beyond the original inoculation). Findings wesistent with the prior data.

The concentration of free zos populations in the nutrient solutions over time is shown in Fi@ubelbw.
We were interested to see if there was a pattern of secondary release of zoss from the plants similar to that
shown in earlier experiments. Such a cycle was evident in th€ 86ndition but not the 24 or 18

conditions.

1-12



12 __5.61 519 4:7.:
= . Nutrient
ST T UE I S R 15 | FS————— .
= solution
ha T S ! temperature
E 097 e e RREE e C)
£087 = e
E =074 = ] R O18+Pa.
5 .= 1S54 BN R == B
2= 0 6 ; : m24+Pa
o 05T i Tt T
£ 044 % o] B30+Pa
034 - ]
= | T
N 02 = | ] RGN [ o | EpERGERY [ I 1| PRV
g oord] | b H-----------
= 0 ! ——— S == ==
9 14 21 28
Harvest (davs after sowing)

Figure 1-12: Influence of temperature and P. aphanidermatum on populations of zoospores
in the nutrient solution. Means and standard errors of zoospores per ml of nutrient
solution for harvests at 9, 14, 21, and 28 days after seeding. Treatments varied the nutrient

solution temperatures (18, 24, and 30°C).

In the case of the 3Q treatment, it appears that the onset of the recovery of the zdampin the

nutrient solution was earlier than in the previous studies reported, in which the temperature was lower; the
cycle from infection to release was reduced from 19 to 12 days (day 9 to day 21). Free zos population in
the 30C condition then dnaped, suggesting either exhaustion of resources or start of another cycle.

(Katzman reported a powerful effect of temperature on zos production from mycelium.)

In the 24C and 18C conditions, there was no evidence of a major release of zoss, despigidhe

progress of the disease in the roots documented above. In the case 6Cther#tition, a build up of zoss

in the solution on day 28asexpected based on the previous experiments described, but in the case of the
18°C temperature it is plausibteat the build up to release was slowed enough by the lowered temperature
that the experiment was insufficiently long to witness the release. Quite possibly, release was also simply
delayed beyond the end of the experiment for th€2bndition. It shouldbe noted this experiment was
conducted with different apparatus than used in the experiments previously described, with a number of
changes that may have influenced timing of zos production by the roots. The more obvious changes were
continuous circulatio of the nutrient solution through a pump, enrichment with pure oxygen, and positive

temperature control of the nutrient solution.
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IMPLICATIONS OF THE BASIC RESEARCH FOR DISEASE CONTROL

The first set of experiments on timing of inoculation showed thdathein the crop cycle the infection

occurred, the less damage took place, even when high levels of pathogen were introduced as early as day 9
in the crop cycle. Thus, a transplant step is very helpful if seedlings can be kept clean up to time of
transgant. On the other hand, it showed that high levels of pathogen are utterly devastating to very young
seedlings. The second set of experiments on concentration of pathogen showeddawtdfdtransplants

were introduced into a pond environment witithegen levels below 25 )l no significant decrement in

dry biomass production occurred. Secondary damage from propagation into the solution of zoss from what
infection did occur was delayed more than two weeks after time of transplant and inocldg@odlass of

initial infection severity.

Katzmanbés third set of experiments showed that i f the
coupled with delayed exposure to pathogens achieved through the transplant step, shoot biomass was not

significartly affected by even high levels of pathogen exposure. In these experiments the pathogen level

was high (2500 ), and the disease did progress considerably in the root zone. One must suppose that had

pathogen concentration started low (e.g. < 23)naind been prevented from any build up by treatment of

the solution, no detectable decrement in performance would have occurred even in the presence of some

level of disease, and no large release of secondary zoss would have occurred over the timerisriod pla

were in the pond.

The concrete finding of the temperature experiments of potential application for spinach production in
ponds is that a root temperature does existq)lat which progress #ythium aphanidermatunlisease is
greatly slowed. In thisultivar at least, crop growth of uninfected plants was not hindered through use of

the lower temperature and may even have been increased -dcatgaelease into the nutrient solution of

zoss produced by infected roots was also apparently delayagpressed by the lower temperature.
Katzmanbés work was mainly directed at a production s\
plants as the end product. If one assumes spinach seedlings can be protected from PA during their early
growth beforeébeing transplanted into an infected pond environment and, further, the pathogen level in the
infected pond can be kept low through some method of treatment, success in production looks likely even
without employing lowered temperature. If one adds tentper@ontrol it appears the presence of low

levels of PA in the nutrient solution will present no problem for pond production of spinach. However, it
must be remembered these findings apply with surety only to systems in which a transplant stepiis used fo
growing large spinach plants.

SOME PRACTICAL FINDI NGS CONCERNING METHO DS OF HYGIENE

Disease control needed to be addressed from an immediate practical perspective in the basic research on

disease, and research in the production phase of this progdt prder to conduct the research. Katzman
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was able to interchange plus and minus inoculum conditions between large tanks with complicated fixed
plumbing by applying stringent methods of disinfection and hygiene in growth chamber research on

disease.

Bearing in mind the means of propagation of PA, the hydroponic equipment used for research in the
biomass production phase of this project was designed so that in the event of a disease outbreak, it could be
easily and completely cleaned and disinfectedictSirocedures were implemented so that transmission
between experimental treatments would not occur in the event one of the treatment conditions developing

the disease.

Specifically, the hydroponic solution tank/pond was chosen to have smooth, eagilyestsides with no

joints of crevices, and no plumbing entry and exit points where zoss might safely lodge during cleaning
operations. Between experiments, all surfaces were scrubbed and dried rapidly. The pump and all
plumbing parts for the recirculati system were made easily removable so that between each experiment
they might be hooked into a cleaning system in which a disinfectant was circulated. In this way,
inaccessible surfaces could be disinfected between experiments. New nutrient solutisadviaseach
experiment. Sensors for testing temperature, pH and EC of the nutrient solution were treated as a potential
source of infection. They were never allowed to make contact with the main bulk of solution in case they
carried infection and were bnever used on samples of solution. Solution samples were drawn using a
dedicated piece of equipment. The samples of solution were then discarded after coming in contact with

Sensors.

These precautions permitted successful research in a greenhousat r@htimes of year. In only one
condition of one experiment did any striking disease outbreak occur. As much as possible these
precautions should be incorporated into a commercial production facility, at the very least to facilitate

recovery from any diease outbreak.

APPLICATION OF DISEA SE CONTROL METHODS TO PRODUCTION SYSTEMS

Introduction

To better understand the problem of disease control in spinach production, it should borne in mind there are
two different spinach products under consideration #agtire quite different production systems, and thus
different methods for handling the disease problem. They are large leaf and baby leaf spinach. In earlier
work in the CEA program, reported to NYSERDA previousifig spinach production system was modele

after that for lettuce. Large individual plants were produced with a transplant and one or two respacing
steps. A growth chamber was used to produce seedlings prior to transplant. Beyond that, an NFT system
was used for producing the crop. The prodircthat case were spinach plants with large leaves; in the

market, the whole plant would be sold and it would be seen as primarily suitable for cooked use.
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There is today considerable popular demand for bagged spinach ready for use in salads or caoking. Le
range from very small to medium sized. All command a high price per pound. Only leaves are included in
the product sold. We see the baby spinach product (taken to include a range of size categories and market
values) as the one most likely to be eaoitally profitable to grow in the greenhouse at the present time.
Baby spinach is harvested when leaves are small and plants are young. Vetgrisigy plantings are

required and there is no need for transplant or respacing. After two days for giermithegt crop must be

placed in the greenhouse; there is no need for a seedling production facility and, indeed, the whole crop
cycle is barely longer than the typical seedling production cycle for lettuce. Production of this crop is
particularly well suieéd to a pond system in terms of logistics because a great deal of material must be

moved about, but not as well suited in terms of disease control.

Extreme Hygiene Approaches to Diseasedbtrol

Disinfection of tanks and equipment between production cyeidause of clean solution for each

production cycle, along with good hygiene during the production cycle, was shown to be feasible and
effective means of avoiding PA problems during the
hygi en e 0hasapotentia farade in any production method in which the volume of nutrient solution

used is small enough that the solution can be discarded (or isolated and treated) between crBpirogcles.

facieit is unworkable in largerolume pond systems whellgetnutrient solution must be retained for use

over many crop cycles because it would be too costly, or environmentally destructive, to discard. The

nutrient solution is never isolated from roots in pond systems of this type and disease organisms can be
expected to accumulate over time if left unchecked. Furthermore, large pond systems are so physically
extensive and complex as to be virtually radeanable; once they are launched; they are likely to contain

some level of PA inoculum forever.

The fekygieenked or fizero Pythiumd approach has been
in Japan, including an ingenious method of drawing down the nutrient content of the solution at the end of

each crop cycle before disposal. It is a batch systeémmrétan continuous production system. However,

there is considerable labor time involved in cleaning operations between crop cycles, in dismantling and
reassembling equipment and reconstituting nutrient solution, and there is a materials cost involved in
throwaway plastic film liners and the water and nutrients discarded between cycles. The value of the

spinach product in the United States (as compared to Japan) does not appear to justify the costs involved in
using theydeeahnee mep punty,aer s the practicehof discamding nutrient solution on

a frequent basis likely to be socially or legally acceptable in the future. (The nutrient solution could be

retained between cycles, but then there would be the cost of storing and trestoh¢hié cost of

laboratory analyses to determine composition before and after treatment.)
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Nutrient film and aeroponic techniques are inherently risky. They require constant human vigilance to

guard against power breakdowns with resultant catastrophidaihoge, or else expensive automated

detection and power backup systems must be installed. Despite their disadvantages, it is clear these systems
can be used effectively for production of either baby or large leaf spinach in conjunction with a treatment
process to eliminate zoospores during recirculation of nutrient solution. Both systems have the advantage of
a degree of compartmentalization of plants. The economic feasibility of these systems depends on cost
factors that remain to be determined.

Root Zone Temperature Control Approach for Large-L eaf Production

Katzmandés research showed solution temperature could
PA in 9-day old transplants. It also showed the concentration of zoospores in the sofetitedahe

severity of the disease. These findings provide a basis upon which to devise a production system for

spinach using a pond that is mmmpletely PA free, and one that can withstand outbreaks of PA infection.

If the extent and rate of infectiori wansplants placed in the pond system can be limited by keeping

pathogen concentration low through continuous treatment of the solution during recirculation, and the

progress of disease in infected plants after they become infected can be slowedflaylogeied solution

temperature, it appears feasible to use a pond system for spinach production. It remains to be determined if

it is profitable to do so. By implication, the end product is large leaf spinach. It is questionable whether the

market pricecommanded by this product is sufficient to cover production costs.

To use the method of control outlined above to good effect, the plants need to be given a head start before
transplant into the pond system. One needs to devise a seedling area separtie fain ponds in which
seedlings are produced using extremygiene methods of disease control. Some compartmentalization of
the seedling production system is necessary to respond to any outbreak of disease and permit cleaning
operations without a bak in continuity of production. One boon is there is no problem with using copious
amounts of newly constituted solution to produce seedlings because the used solution can be disposed of
into the much larger pond system. Other details of the seedlinggiiaal process are developed in the

next section.

Several weHestablished methods for continuous treatment of large volumes of nutrient solutions are in
commercial use (UV, sonication, heat treatment, and filtration). PA zoospores are fragile endities a
expected that a relatively inexpensive method of continuous treatment will be determined. However, such
methods were not evaluated for cost and efficacy during this project. They are the subjects of@nfollow
project. The cost of cooling of pds below ambient air temperature is dependent on geographic and
seasonal climatic factors. However, the desirable temperature is not exceptionally low and a great cost is

not expected.
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Katzman expresses the caveat tgthium dissotocurwas not identied in Cornell CEA nutrient

solutions. It has been identified elsewhere as having a competitive advantaBgtbuen

aphanidermatunn attacking spinach at temperatures belo®23 This raises questions such as how
virulent isP. dissotocumand what wuld be the best temperature for slowing spread of disease when both

species oPythiumare present in the solution.
Using temperature of the nutrient solution to limit destructive effects of PA has great promise and may
permit sustained production of spich in ponds over multiple crop cycles. Before declaring the root

disease problem solved, what happens in continuous production needs to be tested.

Limitations of Root Zone Temperature Manipulation for Baby Spinach Roduction

The foregoing has address#idease control for producing large spinach plants. The spinach crop product
we see as most likely to be economically profitable as a greenhouse crop is baby spinach, harvested when
leaves are small and plants are young. Dealing with the question ofétfion in this crop is more

problematical than in large leaf crops for reasons that will be apparent.

To achieve high productivity when harvesting very young plants, plant density needs to be in the vicinity of
1500 plants M (see later sections) and transplant or respacing step is needed or feasible. To achieve the
same productivity as in large plants, the same area of greenhouse is required as for big plants, so in this
production scheme, the greenhouse space is entirely filled by very smagl qohainthe whole greenhouse in

effect becomes the seedling production area. As a result, if a permanent pond system is desired, plants must
be placed into nutrient solution from the very start, and it is likely the nutrient solution will be infected to

somedegree.

The question arises, could the combination of lowered temperature and continuous treatment of the nutrient
solution work in this situation? Research on the effect of root zone temperature on spinach grown in this
way (namely just the early part the plant growth cycle) indicates there is a considerable penalty in
productivity when the temperature is low enough to affect PA zoospore production. In an experiment
conducted in the greenhouse at Cornell (Katzman and de Villiers, 2000), the cultitaey\showed an

average increase in fresh shoot weight of 41% when growr?® iP8tead of 18C ponds. The average

was computed from the first three harvests, on days 20, 25, and 28. In this experiment the pla&dts at 26
went on to succumb to Pythiumdsdy 41, but only then did the 4@ plants catch up in weight. In a more

recent experiment within this project a substantial weight advantage was found to growing plats in 25
compared to 2T nutrient solution. Whole plant shoot fresh weight of thehailtEagle was increased

32% and economically wuseful ficommercial cuto was incr
later sections). However, temperature effects do appear to be somewhat cultivar specific. In growth

chamber studies, we foundtheapanese cul tivar AAlTri t¥€momer formed sim
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experiment and slightly better at®5in another (See following research reports). Katzman also found
equal or better performance of Alrite at 18 versu&2h growth chambers, as raped earlier in this

chapter.

Katzman demonstrated the devastating effect of PA infection on seedlings when exposed to a high
concentration at day 1 at a solution temperature ofG24resumably, this is because very young

seedlings have small root sgsts and a given number of zoospores are capable of disabling a greater
proportion of root systems than those of older plants with larger root systems, including critical parts of the
water transport system. At present, we have not ascertained what edfgcimv concentrations of zoss

have on seedlings. One must expect that manipulation of solution temperature will not be as effective for
seedlings as for older plants, and small dosages of pathogen will have larger effects than they do on older

plants.

Treatment of nutrient solution is generally applied to a small volume of solution as it passes through the
recirculation system. Treatment of this sort is incapable of making ponds completely pathogen free if the
ponds are continuously filled with hosts farospores. Newly released zoospores need only cross to the
nearest root in a veritable forest of roots; as a result, many are unlikely to circulate and thus are never

exposed to the method of treatment.

Alternatives for Disease @ntrol for the Baby Spinach Crop

For the baby spinach crop we would like to boost productivity by maintaining root temperature at a level
optimum for spinach at this stage of growth, which is*€4Jnfortunately this temperature is also
favorable for growth of PA. It may be tlsase that damage from Pythium infection will not amount to a
significant problem regardless of temperature and even with exposure of very youngf thertes

population is kept very low and the crop cycle is very shdttere is some hope for this bgithe case

because it appears there will be little tendency to hupldPA due to posinfection release of zoss, because
the time allotted to the crop in the pond (~14 days) is shorter than the zésfeciidn reproductive cycle

(~ 20 days). (This asimes that we have correctly identified the nature of such a cycle.) In this scenario, a
pond system could be used for continuous production of baby spinach in conjunction with continuous
treatment, even if the continuous treatment were not perfect. Tatupewould be kept as low as possible
without compromising productivity. We need to determine just how low the zoospore concentration needs

to be maintained for such a system to work. We are currently investigating these questions.

If reducing zoss ta very low concentration in the pond is an insufficient remedy, what alternatives are
there? Assuming we cannot prevent the occasional entry of PA spores into the system, we can at least try
to prevent thepreadof PA from plant root to plant root, omtfiit its rate of spread. This theoretically can be

achieved using an aeroponic technique of nutrient solution delivery, coupled with clean nutrient solution.
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The solution is expected to arrive at the roots as an aerosol then condense and fall dowy. véd&sal

should have little opportunity to spread laterally. They also should have little opportunity to lodge on the
roots before being carried away. As plants age and root systems tangle, more root contact between plants is
expected, but only of adjadgpiants. Thus, any spread of infection would be slow and unlikely to affect
productivity in the short time available before harvest. Almost complete elimination of PA is required

during recirculation of the nutrient solution, but given the much smallemes involved, may be feasible.

Restricting the spread of zoss can also theoretically be achieved by compartmentalizing deep flow systems.
One form of compartmentalization would be to channelize ponds so that, should infection begin at a single
point, oty one channel will become infected. In this case it would still be possible float materials the full
length of the channels. However, too high a degree of compartmentalization diminishes the special

advantages of pond systems: safety, simplicity, low, st ease of materials handling.

A distinct directional flow of nutrient solution would prevent zoss from spreading against the direction of
flow. If disease entered anywhere in the channel, it would only spread downstream; the source of infection
would also move downstream as plants were harvested, and eventually no further source of infection would
remain. Such a method of control would require a moderately rapid flow and thus would depend on it being
possible to treat large volumes of solution quickiy effectively. PA zoss are fragile enough that this may

be possible, but it is an empirical question also under current investigation. A fast flow would be

compatible with compartmentalization into long narrow ponds.

What would be most desirable forogving very young plants in deep flow systems would be to attack
Pythiumzoss as they move from one root to another, when they are most vulnerable. There are several
possible avenues of attack here: a fast flow rate or turbulence of the solution inrthig efdhe roots

might be effective if it interfered with chemotaxis and hampered docking of zoss; sonication would be
excellent if it did not also damage root cells. It might also be possible to deter PA from producing

zoospores in the first place byeing the root environment.

CONCLUSIONS

The work of Katzman on disease control has led to a very promising protocol for producidgadrge
spinach in pond systems. As outlined above, this involves growing seedlings cleanly for 9 days before
transplantand then transplanting them into a pond system in which the nutrient solution is coolé@,to 18
and which is also treated to keep ambient concentration of zoss to less thart 2808ynghortening of the
crop cycle possible is recommended as a safetapti®n to avoid encountering largeale release of zoss

from infected roots, which might strain the treatment system.
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Adoption of baby spinach as the end product adds to the difficulty of solving the problem of root disease in
greenhouse spinach prodion because all plants are likely to be exposed to PA from the very start, when
they are most vulnerable. At present, it is unknown what level of free zoss in the nutrient solution is

tolerable for the baby spinach crop. We are presently working onuésign.

Any solution to the problem of baby spinach production would appear to require two elements: 1) a
guaranteed supply &fythiumfree solution (or nediree) as output from a continuous treatment process in

the recirculating system, so that theireulating system does not become the means of spreading disease,
and 2) some degree of compartmentalization so that in the event of disease outbreak the damage is limited,
and production can continue despite the outbreak. The one great advantagespimediyas a crop is the

short crop cycle; secondary damage to the crop resulting from zoss released by infected plants may be
discounted as a threat. Infected plants will be removed from the system before the zos reproductive cycle is
complete. This alsmeans it is unlikely there will ever be demands placed on the seintiatment

apparatus to cope with large concentrations of zoss.

We know of several ways that are currently available for producing disease free spinach. The question is
which of theses economically feasible and will make it profitable to grow spinach hydroponically in
greenhouses in competition with the outdoor crop. Our work in this study has pinpointed what information
we need to determine which continuous treatment system isahdsivhether a deep flow system is

possible for baby spinach production or we need to turn to low volume hydroponic systems such as NFT

and aeroponics.
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Appendix 1A2. Badly diseased roots of 16 day old spinach plants
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Appendix 1A3. Clean healthy spinach roots of 16 day old plants

Appendix 1A4. Partly diseasedaots of 16 day old plants
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CHAPTER 2. SEED GERMINATION AND SEEDLING PRODUCTION

Task 3: Seed quality, seed germination, and seedling production for large leaf and baby leaf

products.

INTRODUCTION

Spinach germination has been historically problematiradeed scientists. Germination percentage is

often poor and unpredictable and obtaining simultaneity of germination has proved elusive. As a result of
our research under this grant, we have devised two seed germination methods that substantiaiig overco
these difficulties, and we are now able to produce seedlings quickly, uniformly and with a high degree of

predictability whether using traditional seed or newehdked seed.

At the start of this project, we were aware of a seedrpsgment procesthat makes spinach seed
germination much easier, namely, removal of the thick outer shell called the pericarp. Our work on seed
germination accordingly followed two lines of inquiry; to find a way to improve germination of traditional
intact seed, andtdevelop a protocol for using the newerhddled seed. We considered it prudent to

follow both lines of inquiry because the commercial future efidiéed seed is uncertain. Although
machinery to remove the pericarp has been invented, so far theret fieen enough grower interest in

obtaining dehulled seed for it to have been made available commercially.

The two techniques we have developed are a priming technique that works independently of the particular
medium employed, and a technique develogpeetifically for use with a pedtased medium, that relies on
control of moisture content of the medium. The priming technique was developed using intact seed, and is
most critically needed for problematic intact seed. The latter technique was develogedilmilled seed

in the production phase of this research; it lends itself to full automation using existifilgjrigaand

seeding technology. We foresee further improvements in seedling production techniques in the near future;
work is in progress tdispense with medium entirely, but it is not yet at a stage where it is ready for

commercial use.

Both germination procedures we have developed can be used with either intabubedseed. The

moisture content method was developed for use withuled seed, but if the quality of the seed supply is

good, it is also effective for intact seed. In this case, it would be the preferred method because of its
simplicity and ease of mechanization. On the other hand, in certain kinds of media or if ptaallem

intact seed is being used, the priming method may be required to overcome the problems and then would be

the preferred method.
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RESEARCH APPROACH
This task fell into two parts; research on germination of intact seed, and research on seedlingproducti

using dehulled seed. Both efforts resulted in development of effective new techniques.

Initially, a broad based approach to the problem of seed germination and seedling production was taken,
including contacts with the seed industry and investigatf@eed characteristics affecting quality and
performance. We developed a laboratecale method for dbulling seed and conducted basic research on
effects of pH, EC, and temperature on germination. Investigation of the effect of medium moisture content
on germination of intact seed led to development of the new priming technique mentioned above. In this
very effective and widely applicable priming procedure, seed is first imbibed then dried down before being
planted. Percentage germination and simeltgirof germination of normally intractable intact spinach

seed are greatly enhanced. We concluded this phase of the work with detailed studies to optimize

management of the first two stages of the priming procedure, imbibition asttbelry.

When the resarch focus shifted from germination to crop productivity, it was necessary to commit to an
end product and a method of producing it; we decided to focus on baby leaf spinach as the commercial
product and to use emulled seed, planted into plug trays filleith a peat mosbased medium as the

means of producing it. To obtain satisfactory yields from baby plants, planting density must be very high,
and seeding must be mechanized, which is possible with plug trays. We undertook research to determine
the bestvay to produce seedlings within this scheme, which led eventually to the procedure of planting
dry, unimbibed, dehulled seed into a medium with precisely controlled moisture content, then allowing a
set time for imbibition and germination (incubatiom¥dre flotation. In this procedure, imbibition is
controlled in such a way that it obviates the uncontrolleeddmyn step that is a normal part of most

germination methods.

Key findings of the seed germination and seedling production reseanpfeae#ed and discussed below.

BASIC RESEARCH ON SEED GERMINATION

Seed morphology and the order of events in seedling emergence are diagrammed and described in
Appendix 2A.

Provisional Method for Production of De-Hulled Seed

In the course of the germinatioasearch, pending access tehd#led seed of northern adapted cultivars

from Japan, we developed a laboratscale hand technique for-thelling seed. Gently grinding the
whole spinach seeds in liquid nitrogen with a mortar and pestle produced highdepetfectly decoated,
viable spinach seeds. However, some damaged seed were mixed in with intactcsaekled decoated
seeds and deoated seeds with damaged testae. A kaftensive seedelection operation was needed

after seed deoating.
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Using this crustandselect method, we were able to produce approximately 200 viabteated seeds in
20 minutes. This method was usable for reseacete purposes, but would not be feasible for commercial

scale production.

Researchon pH, EC and Temgerature as They Affect Germination of Intact Spinach &ed

Experiments on seed germination over a wide range of pH8j4nd nutrient solution concentrations (EC

07 9000uS cm') showed some root reduction in pH 4 solutions and some reduction of géomingtigh
salt conditiBrem). ThE @<$earchindichtédlséed germination occurs well within a wide
range of set points for these parameters. Normally we control levels of these parameters within a narrow

range.

Historically, spinach genination temperature studies in the literature indicate that spinach, as a cool
temperature crop, has optimal germination in the range of 10%0.1At this temperature, germination is
slow. The new seed priming and moisture content methods to bébedsaitowed an increase in the
optimal germination temperature for spinach seeds to warmer temperatlir@@@5with corresponding

increase in speed of germination.

Effect of Peatlite Moisture Content on Germination of Intact $inach Seed

In this stug, seed was placed on the surface of Cornell peatlite mix prepared to have a series of moisture
contents (MC) ranging from 66% to 95% fresh weight basis, or 2.0 to 19.0 dry matter basis. (Peatlite is a
oneto-one ratio by volume of finely sieved peat massl vermiculite, with dolomitic limestone added).

The seeds were sealed in with the peatlite in clear plastic containers, and germination over time was

observed and recorded. The experiment was repeated three times.

The percentage of seeds planted thdtderminated after 6 days may be seen in Figtkéglow. There

was a good germination rate, a little over 80%, for moisture contents between 73.5% (2.8 MC) and 84.5%
(5.45 MC). At higher moisture contents, percentage germination fell off very rapidigwAr moisture

contents, germination percentage was depressed, but as later research indicated, probably only because

imbibition was slowed.
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INFLUENCE OF PEAT MOISTURE ON SPINACH SEED GERMINATION
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FIGURE 2-1: Influence of peat mix moisture concentration on cumulative germination of
intact spinach seed 6 days after planting. Average MC of peat is calculated from actual
measured (rather than desired) levels.

Effect of Vermiculite Moisture Content on Germination of Intact Spinach Sed

A similar experiment was conducted using vermiculite with moisture contemggnig from 12% to 65%
fresh weight basis (0.14 to 1.86 MC). Seed was placed in centrifuge tubes and germination was observed

after two days at 2€.

The results are shown in Figur2elow. Moisture content below 32% (0.47 MC) had low germination
respnse, but moisture contents equal to or above 32% had excellent germination response by age 2 days.
This response was quite different from that in peat mix described above. Levels of moisture content greater
than 65% (1.9 MC) were not tested as the veufite was saturated beyond this point. (We may assume
extremely low germination.)
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INFLUENCE OF VERMICULITE MOISTURE ON SPINACH SEED GERMINATION
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FIGURE 2-2: Influence of vermiculite moisture concentration on cumulative germination of
intact spinach seed 2 days after planting

DISCOVERY OF NEW SEED PRIMING METHOD FOR GERMINATING SPINACH

The new priming method was discovered by chance. Lids of some germination boxes were accidentally not
fully sealed, and as a result, seeds in these boxes slowly dried out after imbibition. We kept records
identifying which germinatin boxes had inadvertently dried, and themwedted the contents. The result

was that the spinach seeds in germination boxes that had dried down had significantly superior final
percentage germination. This phenomenon was pursued and found to béatbefolt increasing

percentage germination and synchronicity of germination.

In subsequent work, we have developed a rationale for why this procedure works and why normal
germination procedures often do not work well in spinach. Neithdautled nor intat spinach seed will
germinate under water or in very wet media, although they will imbibe, and certain unseen biochemical
events no doubt take place. (See research on moisture content.) Germination processes beyond the
imbibition stage resume only wheretBeed or medium dries sufficiently. The course of events is left
somewhat to chance in the normal way spinach seed is planted. If the period in which the seed is overly

wet goes on too long, it impairs final germination percentage.

In this new priming pcedure, the time allocated for the imbibition step is controlled and the rate of dry

down is controlled. Germination is restarted during theddryn step with the seeds all at the same starting
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point in terms of imbibition. Once germination progress®hd a certain point during ddown, the seed

becomes more tolerant of wet conditions than at the start. At this point additional moisture may be safely

applied to complete germination.

PROTOCOL FOR THE SEED PRIMING METHOD OF GERMINATION
The final optimized priming method was as follows:

a)

b)

c)

d)

e)

Preparation of paper media: Place a 1 mm thick layer of paper in an airtight container. For

blue germination blotter paper, one sheet is sufficient. For newspaper, germination paper, or paper
towel, 4 to 6 sheets asaifficient. The layers of paper must be thick enough to hold a small
reservoir of moisture. (The type of paper did not seem to matter in our studies. Newspaper
performed just as well as germination paper and germination blotters for this purpose.)

Moisten paper media: Place an excess of water in the papelding container to moisten and

rinse the layers of paper. Pour off most of the excess water. Allow gravity to drain off most of the
water, but leave sufficient water such that the paper hastargtig appearance on the upper

surface. This level of moisture should be maintained throughout the first imbibition. We
accomplished this by using a continudaed felt material wicking system positioned below the
paper, but simply adding a small exce§svater also worked.

First Imbibition: Place spinach seed in a single layer on the moistened paper. All seeds should
be in direct contact with the paper. Check that the surface of the paper still has a glistening
appearance and add a small amountatewif needed to obtain the glistening appearance. Seal

the container and allow the seeds to imbibe for 9 hours.

Dry down period: Remove the sealed covering/lid from the container, to allow air exchange and
evaporation in a cool dry location. Placmaistened piece of paper on top of the seeds to reduce
the rate of drying. The seeds should remain in contact with the paper during drying. Prevent any
direct air currents that might result in rapid drying. Allow drying to continue for 24 hours. The
paper may be dry to the touch or just slightly damp when the dry down period is complete. If blue
blotter paper is used, the paper will have a speckled appearance (wet and dry spotting) when the
dry down period is complete.

Second imbibition: Place the seds into a moistened media omneisten the paper.

This method will provide uniform germination of most of the seeds within 24 hours of initiation of the

second imbibition.
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PERFECTING THE SEED PRIMING PROTOCOL

Changes in Seed Misture Content During | nitial | mbibition

Given the large effect the type of medium has on the relationship between germination and moisture
content, we pursued events in the seed independently of the medium, in order to develop a procedure that
was independent of the mediumheTcourse of imbibition was tracked in the cultivar Bejo, with results
shown in Figure B below.

After very rapid uptake of water over the first hour, there was a slow increase in seed moisture content for
the next 6 hours.

50
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10 - Bars show Standard Deviation
n = 6 experiments
5 1 experiment = 20 seeds

Seed moisture content (% by weight)

0 T T T T T T
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Length of imbibition (minutes)

FIGURE 2-3: Increase in seed moisture content (% by weight) of intact spinach seed during
the first six hours of imbibition

Effect of Duration of Imbibition on Germination of Intact Spinach Seed

The question arose: If the seed is fully imbibed after one hour, or even 6 hourssigftbisnt or is more
time needed for seed biochemistry events not evident from weight measurements in the imbibed but

guiescent seed?
After variable lengths of imbibition time, seeds were given a standardadvy procedure lasting 24 hours

then rehydrated. Germination percentage was assessed after a further 24 hours with the results shown in
Figure 24 below.
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INFLUENCE OF FIRST IMBIBITION DURATION ON GERMINATION
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FIGURE 2-4: Influence of the duration of the first imbibition step of the priming protocol
used to improve germination of intact spinach seed shows that an imbibition duration of 9
hours is sufficient and yields superior germination performance to imbibition durations
less than 6 hours. (Note truncated ordinate)

An imbibition duration of 9 hours prior to the ddpwn period was sufficient to tdin the maximum
germination rate of circa 94%. Al®ur imbibition duration yielded a similarly high germination

percentage (92%). A First Imbibition duration of 15 to 18 hours also provided good average germination,
but the results were more variableddess consistent than thén®ur treatment. Thus, 9 hours is

recommended as the duration for the first imbibition in the priming protocol.

Effect of Speed of DryDown on Germination of Intact Spinach ®ed

In a series of experiments, changes in seedtna content were tracked through first imbibition and then
dry-down, using different methods of ddpwn that changed the rate of dfgwn. It became clear that a
very slow a rate of drgown failed to initiate the next stages in the germination prpeesitoo fast a rate

was detrimental. These outcomes are shown in the bar chart Fifurel@w.
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FIGURE 2-5: A 24-hr drying period at the rate of i 1% per hour yielded the best germination
rates after the 2" imbibition. More rapid rates dried the seed too quickly. The slower rate

tested (0.5% per hour) did not achieve the desired dried MC after 24 hrs.

Seed Priming Protocoli_Unfinished Business

Optimal duration of the drdown step in the priming protocol was not determined, although an estimate
was suggested by the work on the effect of rate ofidiyn on germination. Duration is rather closely tied
to rate of drydown, and initial moisture content of the seed, which in turn is determined by duration of

imbibition.

The remaining step in the pring protocol is the second imbibition. In this case, it is known that the
partially germinated seed is not highly particular about soil moisture content, but it is likely still that the
transplant medium can be made too wet. Preferred moisture conteamsgflant medium and duration of
exposure to this moisture condition during second imbibition prior to insertion into the final growing

system remain to be determined.

SEEDLING PRODUCTION USING DE-HULLED SEED

Introduction

Work onseedlingoroduction fals between research on germination and research on biomass production.
For production purposes, we would like plants to be as nearly the same size as possible throughout their

growth, which means we are interested in synchronized emergence and comifared growth. We
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would also like to automate flat filling and seeding as much as possible and simplify the conditions under

which germination is brought about.

The initial task in the production phase of this project was to develop a protocol fanggedtiuction

using dehulled seed. Prior to this project it was known thahdkled seed is much easier to germinate than
intact seed (specifically, from the work of Katzman, 1999), and it was our intention to evaluate use of de
hulled seed in commerdigreenhouse production. Our initial research emphasis on germination of intact
seed was because we might not be able to obtauitkd seed in the cultivars we wanted to use, either for
current research or for the future, or that it might not be dfesttive to use this type of seed. In fact, we
were able to obtain a good supply oflidled seed from Takii Seed Company in Japan, holders of the
patent on the daulling process, and we do believe it will be worthwhile to usbuked seed for

commerdal production of baby spinach; thus, it was necessary to perfect a protocol for seedling production
using dehulled seed. (The additional cost of usinghd#led seed is estimated in the chapter on cost of
production.)

Indicators of SeedQuality and Seeding Performance

In this phase of the research, metrics were needed to evaluate seed and seedling performance. Although
percentage of seeds that emerge above the soil is a very good indicator of seed quality, it does not tell the
entire story. The speetith which emergence takes place, the synchronicity of emergence and the quality
of the seedlings that emerge are equally important; ultimately, it is the percentage of seedlings that are
ilgoodo, -skeadthatscantse No one measure encompasdbesd desirable qualities. Each of the
following indicators has some merit:

Germination/ Emergence Percentagda, Germination Rate, Germ, and Viability. This is by far the most

common simple indicator of seed quality, but it tells little about seeat.vig

Germination/ Emergence Speed simple measure of speed is the hours from seeding (or start of
imbibition) to 50% germination. This is known as T50. Other percentages such as Tzero and T90 are also

of interest.

Synchronicity of emergence. Trimefrom Tzero to T50 or T90, or in other words, how long it takes for a

given % of seeds to emerffem the time emergence begiiis a logical and easily read index of

synchronicity of emergence.

Synchronicity of emergence. Z'he least time it takes forgiaven percentage of seedlings to emerge may

be a better measure, although it is a little harder to read. This measure avoids undue influence of very early

or late emerging seeds. Very early and very late seedlings are often of no use by harvest.
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All the measures listed above can be determined from a graphical representation of the cumulative

percentage of seeds planted that emerge, plotted against time since seeding, and a number of these graphs

will be presented to visually summarize findings. The asptepxpresses the Emergence Percentage; the

slope is an indicator of speed and synchronicity of emergence, etc. What is missing from such graphs is an

indication of the quality of the seedlings. Typically, in this phase of research the seedlings weséhated

regard to their deficiencies or -ppesblemsuntéeédandef Cat

very late, or trapped seedlings, and seedlings without a growing tip or missing other parts. Ultimately, these

categories can be summed up teeghoned i mensi onal indicator, namely fpoor
seedlingsbo.
The operational definition of fAemergenced used in thi

visible to the eye from above and visible without undue craning ofdbk to get low angle views into
crevices in the soil. (We repeatedly checked the reliability of implementation of this definition with

different experimenters, and it proved quite reliable within and between experimenters.)

In thinking about emergeraata as opposed to germination data, it should be borne in mind not all seeds
thatgerminateare strong enough to emerge, or if they do emerge, to emerge quickly. Thus, emergence data

will tend to give slightly lower percentages for viability than gemtion data. Time to emergence

likewise can easily be 24 hours longer than time to germinate, if germination is taken to mean showing of

any part of the radicle outside the testa. From a pragmatic standpoint, data on emergence are more valuable

than dataon germination, but even data on emergence convey a false picture if a large percentage of

emerging seedlings have defects. For instance, under some conditions, a large percentage of seedlings that

emerge do so without the root penetrating into the mediunT hes e seed!| i ngusp,s owhilcaht ewe ¢

die and have no value.

Historical M ethods

The starting point for producing spinach seedlings usirlgulled seed was the same method that has been
used traditionally with many different crop species: skgd is planted into moist soil, and is then watered

in. After watering in, the soil medium is drained and/or dries down to a suitable level for germination to
occur. In our case, we used slightly moistened peatlite (60 to 65% MC) as the medium tgstijfrene

plug trays in which to plant the seed, and then fully wetted the peatlite by floating the trays on water until
the top surface glistened. (At 60% moisture content peatlite feels dry and is quite loose and friable, but is
easily wetted further. A period of drydown of 48 hours in a warm place was found to be sufficient for
germination to commence, after which it was safe to rewet or float the tray. This method was (and is) very

successful with déulled spinach seed, and could have been useésasiloed, but we wished to improve
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upon it. The wateringn step is timeconsuming and awkward logistically; furthermore we wanted to

minimize the time required for the ddown step.

Preview of Protocol for Controlled Moisture Content Method of SeedlingProduction

We reached the method we finally adopted for seedling production in the production phase of research, and
recommend for commercial practice, by a roundabout route. Now that we have it, it appears to be
extremely simple. What we do is plant dged into a peditased medium (peatlite) of carefully controlled
moisture content (~ 3:1 water to dry matter) and then wait for it to germinate under controlled temperature
conditions (28C). Germination is not actually visible since the seed is covetgd, ib safe to fully wet

the medium after 48 hours if the temperature is maintained®&t\&ben dehulled seed is used. (Intact

seed requires 12 hours longer.) By this time germination has taken place, roots are emerging from the
bottom of the flat, andome shoots have broken the surface. In our case, we float seeded flats in nutrient
solution at this time. By 72 hours, all the shoots have emerged. We do not needhribilpesor watetin

the seed then dry it down. More details of the protocol willéscribed at the end of this chapter.

RESEARCH LEADING TO THE CONTROLLED MOIST URE METHOD OF SEEDLI NG
PRODUCTION

Introduction

The order in which experiments were conducted, leading up to the protocol finally adopted for seedling
production, was this: Itially we made an attempt to use the seed priming method developed for intact
seed with denulled seed. A drawback to the priming method is that seeds are in a fragile state at the end of
the drydown period if their radicles have emerged. To avoid hagdhese vulnerable seedlings, primed
de-hulled seed was planted into peatlite immediately after priming, with the intent of controlling rate of
dry-down by the moisture content of the peatlite medium. Difficulties were encountered and the line of
researh was abandoned since there is no real need to prithaliéel seed. Next, the focus was on
comparing the emergence performance of seedlings in flats of different heights, in combination with
different durations of drgdown after wateringn. The chang@& moisture content of flats over time in
typical drydown conditions was also examined without plants present. Finally, the effect of moisture
content of the medium on seedling viability and synchronicity of emergencehflidd seed was

examined. Sefs were planted into the mediwmithout priming, watering in or drdown in a series of

experiments that included intact as well ashdded seed. The range of moisture contents that worked
well differed for the two types of seed. We determined whiolsture content to use in the protocol for
de-hulled seed by how easy it was to fill higknsity seed flats using that moisture content; the MC

adopted was that of the wettest medium that would still fill small cells without creating voids.

We undertoola preliminary experiment to determine whether it was necessary to acclimate seed coming

out of cold storage, and if surface sterilization of seed was a good or bad thing. The procedure for this
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experiment is presented in detail as an example of how nfahg eeedling production experiments were

conducted, and to illustrate some of the points made above.

Experiment 1: Effect of Seed Sterilization Treatment and Acclimation After Long Term Storage on

Emergence, Seedling Quality, and &ly Biomass Producion of De-Hulled Alrite Seed

Experiment Rationale. As a result of experiencing excessive and unexplained variation in seedling

emergence performance of Alrite-Halled seed, various hypotheses were advanced as to what might be
causing the variability, teching on seed factors amongst other things. This experiment addressed two
possible sources of variation in performance: whether seed had been acclimated or not coming out of cold
storage, and whether a surface sterilization treatment had been apptiedé¢ed. Since these effects

could possibly be expressed as a weakening in vigor, the experiment was conducted as a seedling
emergence experiment in a sliile medium, rather than a germination experiment on absorbent paper, and

early growth performanc@as examined as well as emergence performance.

This was a factorial experiment in which there were two levels of two factors. Either seed came directly out
of cold dry longterm storage (wacclimated condition), or it was allowed to acclimate to amlvah

conditions for 10 days (acclimated condition). Either seed was treated with Clorox and ethanol following
an established procedure (+ condition) or it was treated in similar fashion but with RO-o@teition)

Each condition was represented in ragtdar polystyrene flats of 72 cells, 1.75 inches high, plant density

1460 plints rif, and there were two reps (one duplicate) for each condition.

This experiment provided 8 flats of potentially very similar plant material. It was decided to alssuse thi
material to answer questions concerning size of sampling unit appropriate for spinach. Using the individual
plant as a sampling unit requires very large samples (to overcome the occurrence of failed seedlings and
extreme divergence in plant size), aogialy importantly, an excessive amount of time, labor, and

materials in obtaining fresh and dry weights. It was thought a sampling unit comprised of a 3x3 matrix of
plants might supply greater power of discrimination (as well as research efficiencipisaidga was

tested empirically.

Hypotheses.The hypotheses were that a period of acclimation would be beneficial to seedling speed of

emergence and subsequent growth, and that the seed sterilization treatment would be harmful particularly
to germination percentage. It was anticipated that a sampling unit of 9 plants, giving an n of 8 in a flat of 72
seedlings (the typical "rep"), would compare favorably to a sampling unit of one plant giving an n of 72 per

rep, as measured by p values in comparatssts for differences between treatments.
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METHODS

Manipulated Variables. In the seed surface sterilization treatment, seed was wetted in RO water for a few

seconds, drained, and then immersed and shaken in an 0.6% sodium hypochlorite solution (afdfition
commercial bleach) for 20 seconds, then rinsed thoroughly in RO water, then immersed and shaken in a
70% solution of ethanol for 30 seconds before final rinsing. In the control, seed was wetted with RO water
for an equivalent interval. Seed was tlogied for 10 or more minutes on paper towels for ease of
subsequent handlingMethod of Katzman, 2003).

During acclimation, seed was stored in a chamber where the temperature avet@geth@@he air was
relatively humid, ~ 65%. Seed had been stdoegnany months at°C and a relative humidity of ~ 45%.

Un-acclimated seed was used directly out of cold storage.

Seeding.An artificial soil medium, "peatlite", was prepared with measured water content of 1.8 MC (64%
FW basis). At this water contentwas still friable and dry to the touch. Peatlite was prepared using a 1/8
inch hardware cloth sieve. It was considered important to reduce particle size to this extent for uniform
filling of flats without air pockets, and to achieve uniform emergenceedlings. Seeding was always

done by one experimenter following a definite routine, which was as follows: Flats were filled by
cascading/dribbling peatlite out of hand from a height of about 4 inches directly into each individual cell of
the flats. Flatsvere all completely filled in this way, and then overfilled with up to 1/2 inch of medium.

The excess material on top of the cells was then cleaned off with as little compression of the remaining
medium in the cells as possible. A specially prepared "eibhblas used to compact the medium in the

filled cells 5/16 inches in the middle, 3/16 at the sides, with a flat in the center. The dibbler was keyed to

the cell sidewalls, to give a uniform depth. (Flats were not dropped to settle the medium.)

Eight 72seed lots of previously selected, treated seed were randomly allocated to conditions for seeding of
flats. Tweezers were used to place seeds in the center of each cell, orientated with a flat side down (rather
than on edge) in all cases. Seed was pressedhe soil using the dibbler, peatlite was dribbled over the

flat to cover all cells to excess, and then the excess cleaned off. The final step was firming of the covering
material, achieved by thumb pressure, with the thumb spanning the sidewalls oEk#o achieve a

uniform result. (All steps will eventually be mechanized for commercial practice.)

Wetting In, Imbibition and Dry -Down. Immediately following seeding, flats were floated in RO water

until water had wicked to the surface, indicated nkelaing and glistening, a hatiour process. Flats were
then set out in pairs on flat plastic trays on a bench in a growth chamber in which temperature was set to
25°C, and a 16our light cycle was employed. Flats were not covered. Trays were rotgtesition

morning and evening (approximately every 12 hours), without disturbing the individual flats. During this
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period, some draining took place, and some evaporation, but the medium remained quite wet. Surface color

did not change. Drgown was continugfor 48 hours from the time of imbibition.

Crop Flotation. After 48 hours drydown, flats were floated in a common pond until harvest. The surface
area of the pond was ~ 1.¢,rand its volume was 275 L. The nutrient solution was adjusted to an EC of c.
1200 micro Siemens cfrusing equal parts by weight of Hydrosol and calcium nitrate. The nutrient

solution was aerated with compressed air released through two airstones. Water use, pH, EC and DO were
monitored daily and adjusted when necessary. TargetgdbvB. DO was maintained at a level above 7.0

mg . The crop was rotated every day so that north and south and east and west positions were reversed,

and all flats were exposed to a range of possible environmental conditions.

Dependent Measures and Havest. The first part of the experiment concerned germination percentage,

germination speed, and seedling quality, all of which variables were suitably measured. No stand
adjustment was made, since germination was uniformly high. Half the flats (oneerephavvested after 7
days had elapsed from seeding, half after 8 days. In th& dayvest, individual fresh weights of plant
shoots were taken for half of the flat (36 plants from one rep in each condition) and dry weights were
obtained for these planitsdividually. With a view to speeding harvest, for the other half of the flat, harvest
was in four quadrants consisting of 9 cells in 3x3 matrices. Eqtarn® group was a sample unit.

Seedlings within quadrants were counted and categorized for sizgabumaterial was bulked for both

fresh and dry weights.

As far as data collection for shoot material, the-8dyarvest was treated in the same way as the&/day
harvest. Additionally, in one flat in the d&yharvest complete matching root data wdsaimed by
individual plant or quadrant, by extracting the root ball and washing away soil. In the remaining 7 flats,

root data were only obtained as bulk dry weights for whole flats, and then only for roots outside the flats.

RESULTS AND DISCUSSION
Emergence performanceln Figure 26, it can be seen that emergence percentages were very high in all

conditions (> 95%) and seedling emergence was essentially complete 78 hours after seeding. The big surge
in emergence appears to have started 55 to 60 haerseaéding; approximately 90% of seedlings
emerged during the 2@our period following. (For lack of closely enough timed recordings of emergence,

these indices are judged with some estimation based on the trend.)

The emergence performance was considerest satisfactory in all conditions, although there was some

aberration early on in the tacclimatedtreated condition.
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Spinach seedling emergence as affected by acclimation following storage
and surface sterilization treatment, using de-hulled seed
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FIGURE 2-6: Spinach seedling emergence as affected by acclimation following storage,

and surface sterilization treatment, using de-hulled seed

Seedling Quality. It is not uncommon to get nearly 100 percent emergence, as in this experiment, using de

hulled spinach seed. However, not all seedlings are of sufficient quality to contribute to yield later on.
Table 21 below shows the kindd defects that occur, and gives an estimate of percentage of seedlings that
are expected to contribute to yield. It can be seen that in this case whereas on average more than 98%
seedlings emerged, only 91% were expected to contribute to yield. Bhigicellent percentage. It

would not be uncommon to lose 25% of seedlings to defects in slightly lower grade seed of spinach.
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Seedling Acclimated Seed Un-acclimated Seed
Classification Treated Untreated Treated Untreated
rep 1| rep 2| repsl+2 | rep l| rep 2| repsl+2 | rep 1| rep 2 | repsl+2|rep 1 | rep 2| repsl+2

Seedling visible 70 71 141 72 70 142 72 72 144 69 71 140
Pop-ups 2 3 5 2 0 2 2 3 5) 2 0 2
Weak 2 0 2 0 2 2 3 3 6 0 0 0
Failed 0 1 1 0 1 1 1 0 1 1 4 5
Very late 2 2 4 0 7 7 0 3 3 0 2 2
Albino 0 0 0 1 1
blanks 2 1 3 0 2 2 0 0 0 3 1 4
Non-contributors 7 6 13 2 8.5 10.5 6 7.5 13.5 7 6 13
Useful plants* 65 66 131 70 63.5 133.5 66 64.5 130.5 65 66 131
% Emergence 97.2 98.6 97.9 100.0 97.2 98.6 100.0 100.0 100.0 95.8 98.6 97.2
% Useful plants* 90.3 91.7 91.0 97.2 88.2 92.7 91.7 89.6 90.6 90.3 917 91.0

*These figures included half of seedlings classified as very late
Table 2-1: Classification of seedling quality 96 hours after seeding

Biomass Harvests.Evaluation of seedlings 96 hourseaafseeding is still rather early to determine their

fate. Emergence is only completed typically around 80 hours from seeding in the wateniethod of

seeding that was used in this experiment.

Comparison of fresh and dry weights for seedlings harveksted and day 8 showed very little difference
between the treatments. Differences in biomass were not significant, nor did they appear to be different in
trend. There was a significant difference in dry weight to fresh weight ratio, both days, wiltighe r

higher in the acclimated seed conditions than in theagtimated conditionsThe difference in p values

when performing-tests using single plants as the sample unit versus blocks of 9 cells as the sample unit
was small. It tended to favor thecell sample unit.

CONCLUSIONS
There appeared to be no penalty incurred by sterilizing seed with chlorine and alcohol. Any gain in
performance from acclimating drilled seed out of lonterm storage was negligible. Collecting data for

blocks of 9 cells ingad of individual cells was in this case a satisfactory laborsaving alternative.
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Experiment 2: Use of the Peatlite Medium for DryDown of Imbibed De-Hulled Seed

Methods. Concurrent with the previous experiment, threec@R flats were seeded into IMIC medium

using dehulled Alrite seed that had been imbibed for 15 hours instead of dry seed. After seeding, one of

the three flats was watered in followed by ah&ir drydown, the same as for the dry seeded flats, one

was NOT watered in followed by a4®ur drydown (a priming procedure), and the last flat was floated

directly with no drydown period. Emergence was tracked as shown in Figdre€2ow. A plot from the

acclimateduntreated seed condition of the previous experiment described is included.

Spinach seedling emergence after pre-imbibing then planting seed using
different in-soil dry-down methods; de-hulled seed of Alrite
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FIGURE 2-7: Fate of imbibed seed dried down in peatlite in various ways

Results and Dscussion These results are much as one would expect. The imbibed seed floated at once

never had an opportunity to dry down, and this shibimenuch slowed emergence and reduced percentage

emergence. The imbibed seed in the-sat dry-down suffered in the same way to a lesser degree. The

dry-down of imbibed seed in dry soil (peatlite of 1.8 MC) was, superficially, a very effective method.

Emergence was more than 20 hours ahead of the dry seed conditions of the previous experiment. However,

there

was a major drawback to

this

t-u psad memitc h 51184 eorf

died. Since pojups are the first seedlings tmerge and they are abnormal emergences (because it is just

the root emerging, not the shoot), the apparent speed of emergence in this condition was deceptive. It

should also be kept in mind 15 hours had already been used to imbibe the seed. Alldrtialk th

advantage for prembibed over dry seeding was probably illusory.
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Although we expect the right durations for imbibition and-doyvn and appropriate MC of medium for
dry-down in mediuntouldbe found to use with deulled seed, it appeared littlehaantage would be
gained in this direction given the ease of germination dfudled seed in the first place, and, as much work

would be entailed, this effort was abandoned.

Experiment 3: Experiment on Effect of Duration of Dry-Down Following Initial Wa tering In on

Emergence of DeHulled Seed of Cultivar Alrite in Flats of Two Heights

Introduction. This experiment represents an important step in the evolution of ideas leading to the
seedling production procedure currently used. Previous experimensddwvad that when 1.7ch flats

were floated directly after seeding, either no seeds germinated or germination was very poor. This was
presumably because the medium was too wet for germination to proceed. If flats were taller (2.5 inches), it
helped theituation, presumably because there was more air included in the medium in the vicinity of the
seeds at the top of the soil column. It appeared the critical height for germinatichudfedespinach seed

in peatlite columns in continuous contact with @ev table was somewhat more than 2.5 inches. The
phenomenon described above is well illustrated in the zerdamn conditions for the two flat heights

shown in Figures-8 and 211 below.

Originally it appeared that watering in of flats after seedéngniavoidable, because initially the medium

needs to be dry and loose enough to fill small cells in plug trays, and this MC is not wet enough for speedy
imbibition. (This belief has since been proved wrong.) Our preferred method of watering in wasibg float
flats because the procedure is gentle, simple, and repeatable. However seed are watered in, it is then
necessary to dry the medium down by allowing flats to sit in awegitilated location while drainage and

evaporation take place.

In short soil ctumns it takes some time for saturated medium to dry sufficiently for germination to begin.
The question of this experiment was how long after watering in do seeded flats need before they can be
safely floated. Too long, and roots could emerge from #se lof the flat, or have to cope with too dry an
environment within the flat. Too short a time and the seed might not yet be committed to germination or
have got beyond sensitivity to the wetness of the medium. Seed does not all germinate exactigroa the
schedule, so whatever time is picked for thedivywn period could result in some seed receiving less than
ideal treatment. Previous work had indicated that & 2fehulled spinach seed offered sufficient water
would extend the root out the bottarha 2.5inch flat in less than 72 hours. This information set the upper

limit for dry-down in this experiment to 72 hours.
Hypotheseslt was observed in previous work that taller flats take longer to show signs of having dried

down than shorter flatssaa result, it was expected the optimum-doyvn period would differ in the two

flats under consideration, being shorter in the -In¢h flat than the 24nch flat. It was predicted 0 hours
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of dry-down (also 24hours of dry down for 1.7ch flats) woull adversely affect germination percentage
in both flats, but more so in the 1:i&h flat than the 2fnch flat. It was also expected that 72 hours of
dry-down would be too long for the 1 .4Bch flats, though not for the 2iBch flats, resulting in gposure

of roots to a lesthanperfect environment, which would be reflected in reduced early growth. No strong

predictions were made for performance after @60r drydown.

Method. Seeding was done in the normal way using a peatlite mix of approkmaseMC (62% water

content, fresh weight basis). Five 1if6h 72cell polystyrene flats (plant density 1460 plritjand three
2.5inch 50cell flats (plant density 1050 pint fhwere seeded with daulled Alrite seed. The seeding
procedure in usat this time involved filling the flats to excess by dribbling medium into cells vertically

from above. After scraping off excess medium, the flats were dropped several times from a height of
approximately 2 inches to settle the medium. Cells were ttidledeand the excess scraped off again, the
medium was firmed, and 0.5 mm deep holes were opened to receive seed. Seed was settled in the bottom
of the hole on its side, the sides of the hole were collapsed over the seed, and the surface was firmed agai
The whole flat was planted in all cases, 72 cells in the-ihatbflats, and 50 in the 2iGch flats. Dry

down periods of 0, 48, and 72 hours were applied to both flat types. Additional times of 24 hours and 60
hours were used for the 1-ich flats. There were no reps. The gtywn took place on a bench in a

growth chamber where the temperature was maintained @ty and night, and full light was applied

for a 16hour photoperiod during the day. Flats were not covered, but they were pteaadropervious

surface and disturbed as little as possible prior to flotation. After flotation, flats were repositioned
frequently to sample the possible variety of conditions present in the pond. However, light mapping
showed that light, at least, wasiform throughout the growing area. No stand adjustment was made.
Reflective barriers were not used in this experiment, in view of the early harvest. Progress of germination
and seedling emergence was followed closely by counts and by qualitativeteveduThe experiment

was terminated on day 12. Fresh weights were taken for individual plant shoots in all conditions.

RESULTS
Germination and seedling emergenceResults are presented graphically in a series of charts. Figre 2

dramatically shows #hessence of the results for Libh flats, where few seedlings emerge if flotation is
immediate, about 80% if a cidown period of 24 hours is used, and 100% if @nd8r dry down period is
used. Figure-® uses the same data to show that seeds widanterge were slower to emerge in the
shorter drydown periods. Thus, the length of the dry down period affected both percentage and speed of
emergence. Figure20 shows all five dndown durations used in 1.46ch flats on the same graph. It

can be een that the 6@our and 7zhour periods had much the same effect as thHeot8 period.

Percentage germination was slightly off in the case of tHeo®® period, but that likely had nothing to do
with the treatment. Occasionally some seeds in the saimpjdy are bad ones. The germination in the 72

hour period seems to have been slower than in the 60 andut$eriods. Since this divergence was
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already present at 48 hours after seeding, before any of the three treatments had been floated, it seems
likely it has to do with seeding technique. Probably the seeds were planted a little deeper or firmed more in

this flat. Eventually, and quite quickly, the plants caught up in terms of percentage germination.

Effect of dry-down period on seedling emergence in 1.75 inch Speedling flats
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FIGURE 2-8: Effect of 3 dry-down periods between watering-in and flotation on emergence
of de-hulled Alrite seed in 1.75-inch flats
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Effect of dry-down period on speed of seedling emergence for those seedlings that
did emerge, in 1.75 inch Speedling flats
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FIGURE 2-9: Speed of seedling emergence for those seedlings that did emerge, after 3
different durations of dry-down in 1.75-inch flats
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Effect of dry-down period on seedling emergence using 1.75 inch Speedling flats. Dry-
down is between imbibition and flotation
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FIGURE 2-10: Effect of 5 dry-down periods between watering-in and flotation on
emergence of de-hulled Alrite seed in 1.75-inch high flats.

Figure 211 below showing results for the Zrkch flats is anagous to Figure-8. Germination was 50%
when flotation was immediate in 2iBch flats; it eventually went up to 92% with a-B8ur drydown

period, and 100% with a #2our drydown. It is hard to say if the result at 48 hours was due to inhibition
of germination after rdlotation or experimental error. It is certainly possible it is the equivalent of the
effect found in a 2dour dry down in 1.78nch flats. In 2.8inch flats, it may well take additional time for
the medium to dry down enough for genation to proceed. This being the case, insufficient time may be
left for critical events to take place if-fiotation is at 48 hours.

Figure 212 shows speed of germination in the-&iéh flats for those seed that did emerge. Speed of

emergence wasiuch less affected by the ddpwn duration than percentage emergence.
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Effect of dry-down period on seedling emergence using 2.5 inch Speedling flats.
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FIGURE 2-11: Effect of dry-down period between watering-in and flotation on percentage

emergence of de-hulled Alrite seed in 2.5-inch high flats.

Effect of dry-down period on speed of seedling emergence for those seedlings that did emerge,
using 2.5 inch Speedling flats. Dry-down is between imbibition and flotation
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FIGURE 2-12: Effect of dry-down period between watering-in and flotation on speed of

emergence for those seedlings that did emerge: de-hulled Alrite seed in 2.5-inch high flats.
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Qualitative Data on Seedlings

Some attempt was made to come to grips with thetlfiatteven if seedlings appear above ground, they are
not always good ones that will produce vigorous plants. On day seven when the last germination counts
were taken, all seedlings were classified in various ways, as shown below. In flats wkdmesdduration
was sufficient, (5 of 8 flats), germination/emergence percentage was 97%. Of those plants that did emerge,
82% were classified as fAgoodo. This percentage was
84%. The bottom line is that onpproximately 80% of plants can be expected to be "good specimens”,
even when excellent seedling emergence is obtained, even if it is virtually 100%. Seedlings that were
classified as "not good" were further broken down into 5 descriptive classes, namely:

1) Barely breaking groundtherefore very late to emerge,

2) Popups,

3) Deformed- missing parts, broken off, and boung/trapped seedlings included here,

4) Runts- not growing well, and

5) Large deformed plants. The last category was a subcategory of deformed plant

Deformed plants and runts comprised 80% of the bad plantsygep5%, and very late plants 5%.

Incidence of the various defects did not appear to be related to the experimental treatments (duration of

dry-down).
Root performance was evaluated at timees. It was in accord with speed of shoot growth or speed of
emergence, as one might expect. Roots in theot8 drydown condition for 1.75nch flats were

distinctly further along than other roots.

Biomass at Harvest

Just considering flats wheseedling emergence was very high, one can say therici3lats
outperformed the 2-Bch flats in total outputan average of 82 g FW per flat versus 66 g. This is
explainable in terms of there being more plants per flat in theidchbflats (72 vesus 50 plants). The
average plant size for "good" plants was larger in thér flats, again as expected, because of less
crowding. Figures were 1.70 versus 1.49 g pfafithere were no significant differences in biomass in
flats with comparableraergence. It does not appear, for instance, that use ehauf2irydown had any

substantial detrimental effect.

CONCLUSIONS

This experiment determined that immediate flotation was detrimental to both percentage and speed of
germination in both 1.75 ari5-inch flats, more so in the case of the 1iéh flats where germination

rate was reduced to 12% than in the-idéh flats where it was reduced to 48%. Afgur dry down was

still not enough in the case of 1-iff&h flats (germination of 80%), buegmination as good as could be
was obtained with a 4Bour (or longer) drdown. For the 2.8nch flats it appeared that a-@ur dry

down might be slightly too short, but this was not ascertained with certainty. Use of longer periods of dry
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down up to 72hours had neither good nor bad effects in either flat type as far as could be determined. In
this experiment, it was found that about 20% of seedlings that did emerge had defects of one sort or
another, primarily in the category of deformities, breakag@oor growth rate. Pepps were a relatively

small percentage of the problem seedlings. None of the defects seemed to be related to the treatments.

Experiment 4: Changes in Moisture @ntent of the Medium in Flats During Dry-Down

Rationale. In Figure 21 of this Chapter, it was shown that if peatlite moisture content was above 5.0 MC
(86%, wet basis), germination fell off precipitously in intact seeds. When flats are watered in, MC initially
is raised to ~ 7.3 MC at start of ddpwn. Even though diulled seed is less sensitive to moisture content
than intact seed, this is probably too high for germination to continue past imbibition evenultede

seed. The results of the previous experiment can be understood in terms of the high initial nooittate ¢

of flats after wateringn, and differential drydown rates of medium in flats of different heigh@ne can

tell from inspection of the color of the surface of soil roughly how dry it is, and how MC is changing, but
this is a very imprecise measuiT his study was conducted to quantify what is happening to medium
moisture content of highensity polystyrene plug trays during the-digwn period following watering in,

under the protocol for seeding normally followed (given in detail for above expets).

Hypotheses Absolute amount of evaporation from the top surface of flats is expected to be proportional to
the wet surface area exposed to stirred air. In general it is expected that evaporation from the soil surface
will be at a constant rate vid water in the soil is abundant, after which it will slow down as rate of
replenishment of that which has evaporated becomes a limiting factor, or parts of the surface dry out. Thus,
curves for change of MC over time will have an initial linear phadevield by deceleration. However, it

is expected that the light cycle will influence rate of evaporation through a temperature effect, and this will

be manifest in the slope of the curve as well.

Rate of change of moisture content (represented as th@fateter content to dry matter content) is
expected to differ from container to container in accordance with the surface area to volume ratio
characteristic of the container, and the degree of compaction of the soil in the container. Specifically it is
expected the moisture content ofrich flats will diminish faster than that of 1-itach flats, and that of
1.75inch flats faster than that of 2ibch flats as a result of different surfageea to volume relationships

of the cells. The degree of soilmpaction (weight per volume) at any given MC would be expected to
affect rate of change of MC by the same token, if it differed significantly by flat type. In this case it did not.
The manner of bottom drainage and ease of evaporation of water fromtth@ batface of flats is also
expected to alter rate of change of MC, though in a less orderly manner. It is predicted that use of wicks
under the flats will accelerate change in MC significantly during the early part-ofodvir, when a direct
capillary canection to the soil is briefly present, after which-down will become more similar to that in

other flats without wicks. (The presence of the paper wick will still provide additional bottom ventilation.)
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Method. In this study, the intention was to \ghi saturated flats frequently as they dried down in a realistic
setting, and compute how average moisture content of the medium contained in the cells of the flat changed
over time. The two main candidate flat types in use were 1.75 asidch. Bigh polgtyrene Speedling

plug trays (1460 and 1059 pintsjnthey have different sized cells, so the cell volume to surface area ratio
is different. Three each of these flat types were prepared in the normal way, to provide replication. No
seed was includedTo determine the effect of using a wick to extract extra water from the bottom of the

flat, two additional 1.758nch flats were prepared, to be placed on a paper towel bed during ttievany

period. The paper towel bed extended several inches beyofidttbn all sides to provide an area for
evaporation. In order to fill flats in a replicable way, custom tools (called dibblers) were made to compress
the soil in the 1.75 and 2iBch flats. (The use of the tool also achieves a uniform depth of geelan

this study, no seed was included.) Speedling flats of 3.0 aridchheights are available, and examples

were included for interest' sake. A Zrgh flat that had been cut down to l-ifBhes was also included.

In the three less common flatsrapression of soil was done by judgment since no custom tools were
available to perform this step. In all, eleven flats were prepared as though for producing seedlings,
following the usual protocol. They were then fully wetted by bottom watering, andl dstdown also in

the normal way except each flat was placed on an individual plastic tray that could be transported and
weighed without disturbance of the flat. To track moisture content, flats were weighed frequently through

the typical 48hour drydown period and an extra day beyond.

Dry down rates in Speedling flats of different sizes
Moisture content given as the ratio of water : dry-matter
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FIGURE 2-13: Course of dry-down of flats of different heights filled with saturated peatlite

medium, at 25°C and with a 16-hour photoperiod.
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Results. The results, which are presented graplhcin Figures 213 above, and-24 and 215 below,

broadly met expectations, and supported the hypotheses, but also demonstrated that many factors were
influential at thesame time, greatly complicating presentation and interpretation of the results.

A key characteristic of flats with respect to diywn is the celsurfacearea to celvolume ratio. Water
contained in cells is closely correlated to cell volume, but water loss to evaporation is most closely
correlated with surface area. Water loss dythre first 16 hours was 0.41, 0.38 and 0.43 § icnthe 2.5

inch, 1.75inch, and 1.€inch high flats respectively. For the 1:ifigh flats with a paper wick under them,

it was 0.65 g cfh. Reduction of moisture content on the other hand, is fastestls with the highest
surfaceareato-containedwater ratio. The surfacareato-containedwater ratios of 2.5nch, 1.75inch,

and 1.0inch high flats were respectively 0.36, 0.64, and 0.97amt H,O. It can be seen in Figurel3
above, it took 1hours for the medium in theifich high flats to fall to 5.0 MC, 21 hours for the LifBh
high flats, and 40 hours for the Zrich high flats. These findings support the explanatory mechanism
proposed for the results in the eifpwn experiment with pect to percentage and speed of emergence in

flats of different heights.

The physical dimensions of cells and characteristics of the flats are given in Appdhdix 2

Dry down rates in Speedling flats of different sizes
Moisture content given as the ratio water : dry-matter
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FIGURE 2-14: Course of dry-down of flats of different heights filled with saturated peatlite
medium, at 25°C and with a 16-hour photoperiod.
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Average Loss of Water per cm? per hour during Dry-Down of Speedling Flats
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FIGURE 2-15: Average loss of water per unit surface area per hour, over the time period

between measurements, for selected flats.

Experiment 5: Spinach Seedling Emergence at Different Peatlite Moisture @htents

Introduction. In studies on effect of flat height and duration of-down after wateringn, it became

apparent watering in the flat after seeding was delaying the start of germinataestading a labor step

to the seedling production protocol. This led to the question: Is there a way to avoid wiaténimgeed,

and is there a medium friable enough to fill small cells in plug trays and at the same time with sufficient
moisture corent for seed to imbibe and germinate fast? And a second question: Would there be any penalty
to seeding into a medium with controlled moisture content, and what would be the ideal moisture content?
Two studies were conducted to make a preliminary survélyesk questions. This experiment was

designed to replicate and advance upon the two preliminary experiments investigating the effect of
moisture content on seedling emergence usinlgulled seed. It was also an extension of the experiment on

germinationof intact seed at different moisture contents (MCs), reported earlier.

The series of moisture contents considered here included an additional low level, 0.50 MC, and an
additional high level, 7.0 MC. The new MC levels were included to pinpoint the exti@meénich seed
germination will not take place. (MC here refers to the ratio of water weight to dry matter weight in the
medium, standing for Moisture ConteriDry basis. This is also called the Gravimetric water content.) A
procedure was also includeg which to determine the diilled pore space under each MC treatment level.

The main thrust of this experiment was directed at determining a seedling production protocol for use with
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de-hulled seed. Two containers of-tHelled Alrite seeds were prefeal at each MC level to provide

internal replication. However, it was decided to also include intact seed for a direct comparison of the two
types of seed under the same experimental procedures. A series of single containers, each with 16 seeds,
was prepeed using intact seed of the cultivar Eagle. (Intact seed of Alrite from the same seed lot as the de

hulled seed was unfortunately not available at this time, ntwted seed of the cultivar Eagle.)

Hypotheses. In the preliminary experiments using-talled seed mentioned, no seed emerged at 0.33 MC,
but some did at MC of 0.67. It was expected no seed would emerge at the MC of 0.50 (33.3%, wet basis).
At the wet end of the range, no seed emerged at a MC of ~ 6.0 in one experiment, but in anotBéf@bout
emerged. This was presumably because of differences in seeding technique this close to the wet limit for
germination of denulled seed. In the current experiment it was predicted very little seed would emerge at
6.0 MC and none at 7.0 MC. It was exped the intact seed would start to emerge later than thellde

seed, and then take longer for the seed planted to complete emergence. It was also expected percentage
emergence would in general be lower, and also be more sensitive to MC than wi@dhse with de

hulled seed (based on prior work in the CEA program).

Method. Two bushels of peatlite medium were prepared following a standard procedure, and the moisture
content of the mix was estimated based on alread samples. Portions of thiglk quantity of medium

were used to prepare samples of peatlite at each of the 10 moisture content (MC) levels desired for the
experiment. The target moisture contents for the experiment were 0.375, 0.50, 0.67, 1.0, 2.0, 3.0, 4.0, 5.0,
6.0 and 7.0. The ndéum lots with different MC levels were prepared by adding calculated quantities of

RO water. They were equilibrated for 24 hours before actual seeding was performed. Bulk density was
determined immediately after mixing of samples, and at time of se2dihgurs later. At time of seeding,

a small aliquot of equilibrated medium from each of the treatment conditions was used to determine the
density of the "solids" in the medium (solids and associated water) by Archimedes' displacement method.
(A generougpredetermined volume of water was poured onto a known weight of medium in a graduated
cylinder, or conversely the medium was added to the water. The whole was agitated until all air was
displaced, and the new volume recorded. By comparing final volumstantithg volume of water, the

vol ume of HAsolidsodo part of the medium added could be

Seeding followed the same procedures as those reported in detail elsewhere, using a standard mass
produced container as a germination box. Seed was carsedldigted prior to the experiment by rejecting
extremes of size and looking for defects. Seed so selected was divided into lots of 16 seeds, which were
then randomly assigned to the treatment levels. In all, thirty groups of 16 seeds were prepareyn this
Germination boxes were filled to the brim with medium and then heaped a little more. The medium was
settled by gentle shaking. The excess was cut off with a straight edge. A specially designed tamper was

used to compress the surface exactly 3/8és¢using the lip for a reference. 16 seeds were sown in a grid
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using a template for accurate positioning. The 3/8th tamper was used to press the seeds into the soil
surface. Visually it was checked that all seeds lay on their sides. More mediaddeasand again the

excess cut off with a straight edge. Another tamper was used to firm the medium covering tlikiseed

time compression was to 1/4 inch below the riafter which the medium was permitted to spring back to

its natural level. Thirtyermination boxes were prepared in this way, three for each moisture content level.
Two boxes were assigned to-delled seed, and one to intact seed. The germination boxes were covered

by a loosely fitting lid, and then placed inside larger contairiscsvaith lids, two at a time. Some water

was included in the outer, larger container. The larger containers were themselves placed in two very large
well-insulated containers in darkness and with free air circulation in a temperature controlled entironmen
at 253C. As a precaution, during the first week of the experiment the rgilzibel containers were

systematically rotated in position daily.

Seeding was accomplished in late afternoon. Observation of seedling emergence commenced a day and a
half later.Two observations were made each day over the first three days of seedling emergence when
germination activity was greatest, and thereafter at progressively longer intervals. When all seedlings had
emerged in a particular box, the lid was removed to gerpright growth. No water was added. As part of

the routine, all signs of seed life were observed and recorded, which is to say bumps in the soil surface as
well as sighting of the seed or seedling itself. These were distinguished. Seedlings wéassifeiand
counted as fHAmpsdal Oon owhifiplopt he root rather than penet
and grows above ground. When emergence was complete, seedlings were classified as to whether they had
shed their seed coats or noh those that retained their seed coats, three categories were recognized: Both
cotyledons trapped at the tip by the seed coat (TC2), Seed coat attached to the tip of one cotyledon (TC1),
and Seedling trapped around the middle by the seed coat (TCM).e@astliay of the experiment, those

seeds that had failed to germinate were excavated and inspected to see if any root emergence had started,
etc. The germination boxes were all weighed again to see what water loss had occurred over the duration

of the exeriment. Medium from one of the three boxes in each moisture content level was then oven dried
to determine the exact dry weight of medium that had originally been used, and thus permit precise
determination of the moisture content that had been achianedsee how closely it matched the intended

moisture content.

Note on Air content determination. A given sample of peatlite at a specified MC has a fixed mass, but its

volume depends on how compressed it is, how much water it has taken up etc.. Wheddmio in the

pore space also depends on how compressed the soil sample is. One could compress a sample to a certain
degree, and then proceed to determine what the air content was for that particular vol