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Nursery Meetings

Note: Because FNN is only printed twice a year,
the following information is necessarily dated. For
the most up-to-date information on meetings about
nurseries, reforestation, and restoration, visit the
RNGR Website: www.rngr.net

The combined Northeastern and Southern Forest
Nursery Association meeting will be held on July 22
to 25, 2013 at the Holiday Inn City Centre in Lafayette,
IN. The agenda will include technical presentations and
exhibits as well as tours of the Purdue University Hard-
wood Tree Improvement and Regeneration Center, Ar-
bor America, and Vallonia Nursery.

This year’s Western Forest and Conservation Nursery
Association meeting will be held on August 6 to 7,
2013 at the Red Lion Hotel in Olympia, WA. This year’s
theme will be “Life in the Underground: management of
soils, growing media, and roots in the production of for-
est and conservation seedlings” The agenda will consist
of technical presentations as well as a nursery tour of the
Washington Department of Natural Resources Webster
Nursery.

To register or just get more information on
either of the above meetings, contact:

Western Forestry & Conservation Association
4033 SW Canyon Rd.
Portland, Oregon 97221
TEL: 888.722.9416 or 503.226.4562
E-mail: annie@westernforestry.org
Website: http://www.westernforestry.org/

The 33rd Annual General Meeting of the Forest Nurs-
ery Association of British Columbia (FNABC) will be
held on September 30 to October 2, 2013 at the Best
Western Plus Vernon Lodge in Vernon, BC, CANADA.
The meeting theme is “Simplification - Efficiencies -
Outlooks” and the schedule includes technical presen-
tations, field tours, and commercial exhibits.

To register, or to preview the conference agenda,
go to the FNABC website at
www.fnabc.com

A"

Nursery Association

The Western Region of the International Plant Propa-
gators’ meeting will be held on October 2 to 4, 2013
will be held at the Embassy Suites at the Portland, OR
airport. Besides the wide ranging technical presentations
during the meeting, there will be extensive pretours of
local nurseries and scenic attractions in the Oregon and
Washington area.

For more information, contact:

Lee Dempsey
E-mail: ippswrlee@sbcglobal.net
Website: www.ipps.org

The Sixth Western Native Plant Conference will be hold
on December 9 to 11, 2013 at the Heathman Lodge in
Vancouver, WA. The agenda will focus on Current Topics
in Propagation, Conservation, Restoration, and Policy
concerning all types of native plants.

Richard Zabel
Tel: 503.226.4562
E-mail: richard@westernforestry.org
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Light Emitting Diodes (LED) -
Applications in Forest and Native Plant Nurseries

by Thomas D. Landis , Jeremiah R. Pinto, and R. Kasten Dumroese

“LED lighting has a bright future in the world of

horticultural lighting. —When applied in a well-
designed system, no other light source can match
the capabilities that LEDs have to offer”

— Bourget 2008

It was quotes like this that made us want to learn more
about light emitting diodes (LED). Other than knowing
that LEDs were the latest innovation in artificial lighting,
we knew that we had a lot to learn. So we started by re-
viewing some of the basics. The following review is a brief
synopsis of how light affects plants and some discussion
about LED lighting. If you want more detailed informa-
tion about the effects of light on plant growth, read Chap-
ter 3 in Volume Three: Atmospheric Environment of the
Container Tree Nursery Manual (Landis and others 1992).

1. The complicated nature of light

If you follow quantum mechanics, you are familiar with
the relatively recent discovery that electromagnetic radia-
tion, commonly referred to as “light’, has a dual nature -
properties of both waves and particles. Although scientists
and philosophers as far back as Aristotle had developed
theories about light, it was not until 1905 that Albert
Einstein described the photoelectric effect that explained
the relationship of wavelength and photons (individual
particles of energy). This was just one of his most famous
insights and earned him the Nobel Prize in Physics in
1921 (Nobel Media AB 2013).

Light is the most complex and variable of the limiting
factors affecting plant growth, and for our purposes, there
are two types: natural light (sunlight) and artificial light.
Sunlight is the common name for electromagnetic radia-
tion that originates from our sun, which is approximately
93 million miles away. The quantity and quality of sunlight
differs significantly from the artificially produced light that
we use in our homes and greenhouses. Managing light is
particularly challenging due to its subjective nature. The
sunlight that your crops “see” is much different in terms

of wavelength (color) and intensity that what we humans
perceive. In fact, the term “light” only refers to one small
part of the electromagnetic spectrum that is visible to the
human eye (Figure 1). And, to make matters even more
complicated, our iris controls the diameter of the pupil
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Figure 1 - Plants absorb certain wavelengths of light. Photo-
synthesis is fueled by blue or red light (peaking at 460 and 680
nm), whereas phytochrome is activated by red light (660 nm)
and deactivated by far red light (750 nm). Phototropism and
cell expansion are promoted by blue wavelengths. Contrast
these responses to those of the human eye which peak in the
yellow-green wavelengths (555 nm).

of our eye and thus regulates the amount of light that we
perceive from one location to another.

2. Measuring light

While the dual nature of light can be complicated in and
of itself, the measurement and unit description of light
only adds to the complexity and confusion. Sunlight can
be measured by 3 different systems each with its own
units. The unit of micromoles (umols) per second per
square meter measures the sun’s energy as photon flux
density per unit area, and for natural sunlight this is about
2000 umols/s/m?*. These units are commonly used in
measuring photosynthesis light energy, as described in
Figure 1. In this article, we focus on artificial light that, for
horticultural purposes, should be measured in terms of
intensity (energy) and quality (wavelength).

Engineers measure light intensity using illumination units
that reflect the sensitivity of the human eye within the
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Figure 2 - Artificial lighting is measured in illumination units:
the metric lux and the English foot-candle. It is critical to mea-
sure light at the crop level because illumination decreases with
distance from the light source (modified from Bickford and
Dunn 1972).

Figure 3 - These spectral energy distribution curves show the
different quality of light produced by different lighting sources.
Incandescent lamps produce most of their light in the red and
infrared wavelengths (A), compared to fluorescent lamps that
produce a more balanced output (B). Infrared wavelengths
are perceived as heat, which is not only a waste of energy but
requires compensatory cooling. High pressure sodium lamps
produce most of their light in the yellow wavelengths (C)
whereas metal halide lamps generate a more balanced “white”
light (D). Light emitting diodes (LED) are unique in that each
produces just one specific wavelength, such as blue and red (E)
(A-D from Kaufman and Christensen 1984; E modified from
Seelye and Mullan 2010).

Relative Power
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visual spectrum (Figure 1). The standard unit of illumi-
nation is the lumen. A lumen that is evenly distributed
over an area of 1 square meter is defined as 1 Lux (Ix); for
English units, a lumen distributed over 1 square foot is 1
foot-candle (Figure 2). An inexpensive light meter ($35+)
can provide basic information on light intensity by mea-
suring these units; because most growers of native plants
rely on natural daylight for photosynthesis and usually use
photoperiod lighting to extend daylength, this is adequate.
The spectral quality (wavelengths) of artificial lighting var-
ies significantly between different sources (Figure 3) and
is usually measured in nanometers (nm). Fortunately, for
photoperiod control, most artificial lights generate enough
light to be effective (see the next section for more details).
However, the light quantity and quality needed to increase
photosynthesis differs considerably from that needed for
photoperiod extension. If growers may want to measure
the photosynthetically active wavelengths actually reach-
ing their crops, a higher quality light meter is required
($1000+).

3. Plant responses to light

Plants respond to visible light by 2 general mechanisms
that are keyed to specific wavelengths: photosynthesis
that has a higher-energy requirement and photomor-
phogenesis that has a lower-energy requirement.

3.1 Photosynthesis

Visible light is captured by the carotene and chlorophyll
pigments in leaves and, using carbon dioxide and water
as raw materials, is converted into the chemical energy
needed for plant growth and metabolism. Photosyn-
thetic rates are highest in 2 bands: red light, with some
activity in the blue-green wavelengths (Figure 1); these
wavelengths are collectively known as photosyntheti-
cally active radiation (PAR). Conceptually, photosyn-
thesis can be thought of as a tachometer (Figure 4A)
because photosynthetic rates increase with more light
up to a point that is species dependent. In forestry, this
response to light levels is known as shade tolerance.
Shade tolerant plants, such as dogwood, reach their
maximum photosynthetic rate at 35 kilolux (klx) of
illumination compared to shade intolerant (sun loving
plants, such as ponderosa pine) that may continue to
photosynthesize up to 120 klx.

3.2 Photomorphogenesis

The pigment phytochrome is sensitive to the ratio of
red to far-red light (Figure 1) and acts as an environ-
mental sensor to measure daylength. The phytochrome
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Light Quality: Blue and red wavelengths
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Figure 4 - Analogies are helpful in understanding the effects
of light on plant growth. Shoot growth can be viewed as a ta-
chometer - the higher the light intensity, the higher the photo-
synthetic rate (A). Using low intensities of red light to extend
daylength is like a switch that triggers the phytochrome recep-
tor and tricks plants into thinking it is still summer (B).

system controls several aspects of seedling phenol-
ogy, such as seed germination and bud set. Although
all plants in the temperate zones and higher latitudes
are sensitive, tropical and subtropical species have not
adapted to these changes in daylength. Blue light is
important to normal morphological development, par-
ticularly in regard to branching and shoot sturdiness.
Conceptually, the phytochrome system can be viewed
as a light switch. Under predominantly red light, the
switch is “on” and cell growth occurs as fast as the light
intensity permits. However, when far-red light pre-
dominates the switch is turned “oft” and growth stops
as plants transition into dormancy (Figure 4B).
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4. Types of artificial lighting used
in horticulture

As we just discussed, artificial lighting is used in green-
houses to either increase photosynthesis or control photo-
period (extend daylength), but the required light intensity
and quality for each are very different. A wide variety of
artificial lights have been used in horticulture including
incandescent, fluorescent, and high intensity discharge
(HID) lights. Incandescent lighting is typically high in

the red and infrared wavelengths (Figure 3A). Fluores-
cent lights produce more white light (Figure 3B) but

the fixtures must be located very close to the crop. High
intensity discharge (HID) lights, such as high pressure so-
dium (Figure 3C) and metal halide (Figure 3D), are more
energy efficient choices. Light emitting diodes (LED) are
the newest light source and can be developed to produce
specific wavelengths, such as blue and red (Figure 3E).
Because no semiconductors emit pure white light, most
white LEDs consist of a blue light-emitting chip coated
with phosphor, which causes yellow light to be emitted.
This mixture of blue and yellow light is perceived as white

Summer 2013

light by the human eye. White light can also be produced
by combining semiconductors of red, green and blue
(RGB) into a single LED lamp (Seelye and Mullan 2010).

It is critical to note that illumination units are always
measured at a standard distance from the source. We have
found that the engineering specifications for artificial
lighting systems are not always accurate. It is therefore
important that growers make their own measurements
under each bulb as well as between bulbs to make sure
that the entire crop receives at least the minimum inten-
sity. Remember, always measure light intensity at crop
height (Figure 2).

4.1 Lighting to increase photosynthesis

Traditionally, HIDs, including high pressure sodium and
metal halide lamps, have been used in growth chambers
to supplement natural sunlight and increase photosyn-
thetic rates (Figure 5A). Because of the large amount

of electrical energy required, adding lights to increase
photosynthesis is, for most reforestation and native plant
nurseries, economically impractical. This conclusion,
however, may need to be revisited with the advent of LED
lighting that has been developed for horticulture.

Required light intensity and quality. If artificial lights
are the only source of illumination, as in a growth cham-
ber, the minimum requirement for commercial plant
production is considered to be about 250 umol/s/m?* (20

Figure 5 - High intensity discharge lights, such as these metal
halide lamps, must be grouped close to the crop to produce
enough light intensity for photosynthesis (A). Due to the
low intensity of light required, a wide variety of different
lighting systems have been used to extend photoperiod,
including these incandescent flood lamps (B) (Photos from
Landis and others 1992).




Forest Nursery Notes

klx), which is about one-eighth the intensity of normal
sunshine. Photosynthetic lights must also be kept on for

at least 12 hours per day to generate reasonable rates of
growth. Supplemental lighting is sometimes needed to
compensate for cloudy weather, shading from greenhouse
structures or equipment, or during the winter at higher
latitudes. When 122 umol/s/m?* (10 klx) of PAR light is
added for 8 to 16 hours per day, growth rates can approach
those obtained in growth chambers (ASHRAE 1989).

Because not all wavelengths are equally effective for pho-
tosynthesis, artificial lighting should be high in the PAR
wavelengths bands (Figure 1): blue (460 nm) and red (680
nm) wavelengths are ideal.

Monitoring photosynthetic lighting. For high value
horticulture crops, growers monitor the Daily Light In-
tegral (DLI), which is the amount of PAR calculated as a
function of light intensity and duration. Calculating DLI
requires special sensors and data recorders so that light
intensity and quality can be simultaneously and continu-
ously recorded. DLI values for floriculture have been well
described (Torres and Lopez 2010), but for forestry and
native plant crops, are most likely non-existent.

4.2 Lighting to increase daylength

Photoperiodic lighting is much more common than pho-
tosynthetic lighting in forest, conservation, and native plant
nurseries. A variety of different lighting arrangements (Fig-
ure 5B) have been effective in triggering the phytochrome
response and keeping plants actively growing in the spring
or fall when natural daylength becomes limiting.

Required light intensity and quality. Very low light
levels are needed for daylight extension. Research trials,
validated in many operational nurseries, have deter-
mined photoperiodic lighting intensity should be at least
8 umol/s/m?* (~430 lux), and should be increased to 16
pmol/s/m? (~860 lux) when the crop has a greater light
requirement (Landis and others 1992). Almost any of the
standard lamps can be used because they all emit light in
the red wavelengths (Figure 3). A complete discussion of
the most common photoperiodic lighting systems can be
found in Landis and others (1992).

Monitoring photoperiod lighting. Illumination intensity
should be measured at crop height with a standard light
meter after sunset; to ensure that all plants are receiving
the proper light intensity, take measurements beneath
and between lighting fixtures.
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5. LED lighting

Light emitting diodes (LED) are the newest type of
artificial illumination being used in greenhouse culture.
An LED is a solid-state semiconductor device that is
more closely related to a computer chip than a light bulb
(Figure 6A). When electricity passes through a junction
constructed of different materials, visible light is emit-

ted in a narrow wavelength (Figure 2E). LED units by
themselves are very small (0.2 in or 5 mm); consequently,
they are often arranged in arrays that are sealed in plastic
lenses protect the units and direct the light. LED units are
available as traditional bulbs that will fit standard fixtures
(Figure 6B) or in linear arrays (Figure 6C) that, because
they radiate no heat, can be located within plant canopies
(Figure 6D). As mentioned earlier, because LEDs produce
light in narrow wavelengths, they can be used to gener-
ate colors across the visible spectrum from blue to red or
combined or coated to produce a more all-inclusive white
light (Lighting Design Lab 2013).

LED lighting has at least 5 advantages for use in horticul-
ture, which are described below.

5.1 Energy efficiency

As measured by radiated power output (lumens) divided
by electrical power input (watts), LED units are very ef-
ficient, especially when compared to traditional incandes-
cent bulbs. The energy efficiency of LED lights continues
to improve and is projected to exceed 200 lumens per watt
in the near future (Clark 2013) (Table 1).

5.2 Lifespan

The useable life of LED units is significantly longer than
traditional artificial light sources used in horticulture,
from 2 to 3 times better than fluorescent or HID lamps, to
a 50-fold increase over typical incandescent lamps (Table
1). Unlike traditional lamps, LEDs do not “burn out™;
instead, they gradually dim and should be replaced once
they dim to 70% (Bourget 2008).

5.3 Custom lighting

LEDs produce light in a very narrow wavelength range
(Figure 3E), so units can be designed to produce light of
desired wavelengths, or combined to generate white light
(van Ieperen and Trouwborst 2008). LED arrays of blue
and red light that increase photosynthesis can be posi-
tioned within crop canopies where these wavelengths do
not normally reach due to absorption by the upper leaves
(Figure 6D).
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Figure 6 - Light emitting diodes (LED) are the newest form of artificial lighting used in horticulture and are more like computer
chips than light bulbs (A). LED units can be housed in traditional bulbs that will fit standard fixtures (B) or arranged in arrays
designed to produce light of specific wavelengths (C) that, because they do not radiate heat, can be located within plant canopies
(D) (A from Morrow 2008; B-D courtesy of Philips Electronics 2012).

Table 1 - Energy efficiency and lifespan of common light bulbs compared to light emitting diode units (Bartok 2012).

Illumination source (iﬁi:fﬁ:gf:;ctf) Aver?li;;:iie)span
Incandescent 15t0 18 1,000
Tungsten - halogen 15t020 2,000
Compact fluorescent 50 to 65 10,000
T-12 fluorescent 30 to 40 15,000
T-5 fluorescent 90to 110 20,000
Metal halide 90 to 100 15,000
High pressure sodium 90 to 100 24,000
Light emitting diodes (LED) 601090 * 50,000

* LED efficiencies continue to improve and are predicted to reach 260 to 300 lumens per watt in the coming decades
(Clarke 2013).

10
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5.4 Radiant heat

LEDs produce almost no radiant heat and so
can be positioned close to plants, ensuring
maximum light interception (Seelye and Mullan
2010).

5.5 Plant productivity

The current literature contains very little research
on using LED:s for forest or native plant crops. o
Recent preliminary research trials in Finnish Incandescent  Compact fluorescent B LED
conifer nurseries, however, show that LED lights

(Vayola B100, spectra G2) performed similarly to B
high-pressure sodium lights and were sufficient

to prevent bud formation in Norway spruce and

Scots pine (Riikonen 2013). In horticulture, LED . o 'gzi:‘s:;"'fl’:orescem
intracanopy lighting produced 75% more tomato . -=- LED

fruit biomass compared to overhead high pressure
sodium lighting (Gomez and others 2013).

500

w

o

o
1

5.6 Actual comparison of commercial
LED lamps

We were curious to run our own tests on currently-
available lamps, and purchased 3 different flood
lamps with a 120 watt rating (Table 2). The first 100
thing we noticed was “sticker shock” due to the
much higher cost of the LED lamps — more than 4
times as much as the other bulbs. The price of LED
lamps has continued to decrease. One report states I ey S YT
that the top-rated LED lamp from Home Depot C
dropped about 50% in just a few months. Philips

says it will introduce a $10 LED 60 watt rated light N Incandescent
bulb by the end of the year (Janeway 2013). Based /l \ T Gomeact Fluorescent
on the label information of estimated lifespan and
yearly energy costs, annual operating cost for the
compact fluorescent and LED lamps rated about
the same, but the incandescent lamp was more
than 3 times more costly to operate.

Light (lumens / ft)
N
3
1

Relative power

We decided to test the 3 lamps (Figure 7A) in the
same fixture and immediately noticed that, al-
though each had a 120 watt rating, the LED lamp
was noticeably brighter. Illumination readings were
taken 5-ft (1.5 m) directly under the lamps and our : :
results confirmed our observations: the LED lamp 400 500 600 700
produced 4,726 Ix, the incandescent 561 Ix, and the Wavelength (nm)
compact fluorescent 301 Ix — an 8-fold and 15-fold
difference, respectively. Another striking pattern

800 900

Figure 7 - Light intensity of 3 commercially available 120 watt-rated

we noticed was the horizontal light distribution lamps (A: incandescent, compact fluorescent, and LED) measured 5

perpendicular under each lamp. While the LED ft (1.5 m) directly below, and at 4 horizontal distances perpendicu-

was brightest directly under the lamp, the light lar from this point (B). Relative spectral energy distributions also
’ differed among the three light sources (C).

11
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Table 2 - Comparison of commercial 120 watt-rated flood lamps currently available.

Incandescent Compact Fluorescent LED
Manufacturer Philips EcoSmart Philips
EcoVantage, . b . .
. : . Soft White PAR38 Soft White, Dimmable,
Type Bright Light, Dimmable, Flood PAR38 D Flood
Indoor BR40 2 Flood
Label Specifications
Equivalent wattage 120 120 120
Actual wattage 70 23 19.5
Label Brightness (lumens) © 1225 1290 1100
Color temperature (K) ¢ 2810 2700 2700
Estimated life (y) ¢ 2.7 9.1 22.8
Estimated yearly energy cost ¢ $8.43 $2.77 $2.35
Purchase price d $9.97 $10.27 $42.97
Annual operating cost € $12.12 $3.90 $4.23
Toxicity None Mercury None
Disposal Trash Recyclable & Recyclable h
4 BR40: bulged reflector, 40/8ths of an inch wide, or 5 inch diameter.
b PAR38: parabolic aluminized reflector lamp, 38/8ths of an inch wide, or 4.75 inch diameter.
€ Per manufacturer’s package. Estimated life assumes 3 h use per day. Estimated yearly energy cost assumes 3 h use per day and $0.11 per kWh.
d Retail price for single bulbs at local “big box” home improvement store.
€ Annual operating cost = (Purchase price/estimated life) + (estimated yearly energy cost).
Contains mercury.
& See US EPA website for more information: http://www2.epa.gov/cfl/recycling-and-disposal-after-cfl-burns-out#cantrecycle
(accessed 29 May 2013). Local options may be available.
Varies: May be recycled where purchased (including online companies) and at some local recycle centers.

intensity diminished exponentially as distance
increased horizontally from beneath the light source
(Figure 7B). We also measured the spectral distribution
of each light source to show relative differences in wave-
length emittance, which demonstrates the high quality
white light from the LED lamp (Figure 7C).

6. Summary

So, what is the bottom line? Should you run right out
and replace your existing lighting systems with LED
lights? For the applications commonly used in forest and
native plant container nurseries, we see some immediate
applications. LED lights come in standard sizes and il-
lumination units that can be easily substituted in existing
lighting fixtures in offices and other workplaces. LED

12

bulbs are available with screw bottoms or as long tubes to
replace fluorescent bulbs. We have found a range of LED
lights at our local home improvement stores.

For the high intensity lighting needed to increase pho-
tosynthesis, LED lights in the blue and red wavelengths
would increase growth rates but, because they may have
to be situated close to the crop, they could interfere
with irrigation. For germination rooms, however, LED
lighting would be much more efficient than standard
fluorescent lights, would generate significantly less

heat, and would not be subject to corrosion by the high
humidity levels.

For the low intensity red light needed to extend pho-
toperiods, LED lights would be as effective, use less
energy, and last longer than traditional lamps. A major
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limitation as found by our rudimentary testing found
that LED did have limitation in the area they illuminate
(rapidly decreasing light intensity as the distance below
the source increases). Before switching to LEDs, be sure
that light coverage is adequate and confirmed with a
light meter (at crop level). LED bulbs are available in
screw bottom for traditional fixtures or as long tubes to
replace fluorescent bulbs. Nurseries using high inten-
sity discharge lamps would have to weigh the costs of
replacing the fixtures as well as the lamps.

LED lighting is rapidly changing, with improving ef-
ficiencies improving and decreasing costs, so growers
should keep an eye on this exciting new technology.
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Controlling Pests that are Spread in Irrigation Water

by Thomas D. Landis

The evidence that irrigation water can be a significant
source of nursery pathogens has been accumulating for
almost a century. In one of the first systematic test-

ings of agricultural water sources, Bewley and Buddin
(1921) isolated several pathogens including Botrytis
spp. and Phytophthora spp. Although links between
waterborne pests and nursery diseases have often been
circumstantial, DNA analyses have now shown that spe-
cific isolates from diseased plants were identical to pests
found in irrigation water (Hong and Moorman 2005).

Waterborne pests have been responsible for major
losses in nurseries (Fisher and Smith 2007). Phy-
tophthora ramorum, the cause of sudden oak death,
spreads in water from plant-to-plant in nurseries
and from nurseries to surrounding plant com-
munties. Therefore, this waterborne pathogen is
one of the most serious threats facing growers
today (Chastagner and others 2010). Because P,
ramorum not only causes shoot and leaf blights

in a wide variety of nursery hosts but can also
spread through runoff to plants in the surround-
ing forests, it is considered one of the most
serious threats to forest, conservation, and native
plant nurseries (Landis 2013).

It is critically important to have an overall plan.
Two major approaches to phytosanitation can be

Figure 1 - Nurseries using irrigation water from surface
water sources such as ponds, lakes, or rivers (A) may en-
counter problems with a variety of pests including weed
seeds or spores of pathogenic fungi, moss, algae, or liv-
erworts. Water from a well-designed well (B) has been
shown to be free from waterborne pathogens (B modified
from Whitsell and others 1982).
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employed. The systems approach is based on a hazard
analysis of critical control points where waterborne
pests could gain entry into your nursery. The com-
prehensive programs that have been developed for
ornamental nurseries can easily be modified for forest,
conservation, and native plant facilities (Parke and
Grunwald 2012). Another option is based on target
pests (Landis 2013): nurseries should learn as much as
possible about potential waterborne pests and deter-
mine how, where, and when to check their irrigation
water. So, the following discussion focuses on learning
which pests can be spread in irrigation water, how to
test irrigation water, and options for treating irrigation
sources to eliminate any threats.
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1. Pests in irrigation water

Water does not naturally contain organisms that can
cause plant disease but irrigation sources often become
contaminated, especially in agricultural areas. The
source of your irrigation water is critical to determining
whether it might contain pathogens and therefore require
treatment. Water from ground wells can be considered
pest-free (Fisher and Smith 2007), but ponds, ditches, riv-
ers and other surface waters have been shown to contain
propagules of almost every major pathogen group (Hong
and Moorman 2005)(Figure 1). However, if well water

is stored in unlined ponds, it can still become contami-
nated (Baker and Matkin 1978). Many nurseries are now
recycling or are considering reusing runoff water and this
makes the subject of waterborne pathogens even more
important. Recycled water has been proven to contain
several pathogens, and must be tested and treated before
it can be reused (Black 2009).

1.1 Water molds

Pythium spp. and Phytophthora spp. are fungus-like
pathogens that are uniquely suited for water transport
because of their motile zoospore stage. In addition, they
have 2 other resting spore stages called chlamydospores
and oospores (Figure 2A) that allow them to survive

in infected plant material for months or even years.
One estimate is that an infected fragment only 1 mm
long could contain 50 to 100 resting spores (Wick and
others 2008), and organic wastes can be transmitted in
nursery runoff. In a review of the literature, 17 species
of Phytophthora and 26 species of Pythium have been
identified from water samples (Hong and Moorman
2005). Therefore, control of water molds in irrigation
and especially in recycled nursery water has been get-
ting a lot of recent attention (Meador and others 2012).

1.2 Fungi

More than 25 fungal genera including Botrytis spp. and
Rhizoctonia spp. have been found in nursery irrigation
water (Baker and Matkin 1978), but their relationship

to actual nursery diseases is sometimes hard to prove
(Hong and Moorman 2005). Fusarium spp., on the other
hand, has been confirmed to spread between plants

in greenhouse water (Wick and others 2008). Botrytis
cinerea, Cylindrocladium candelabrum, and Ralstonia
solanacearum are the fungi most associated with dis-
eases in Brazilian forest nurseries and have been shown
to be transmitted through water (Machado and others
2013). Obviously, much depends on the type of irriga-
tion system; spores from pathogenic root fungi would
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The “Water Molds”:
Pythium spp. & Phytophthora spp.
Life Cycle and Spore Types
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Figure 2 - The motile zoospores of Pythium and Phytophthora
are especially suited for water transport, and the resting oospores
and chlamydospores can be transported in organic suspensions
(A). Propagules of algae (B) and liverworts can also be intro-
duced in irrigation water from surface sources (A modified
from Phytophthoras of the World 2013; B courtesy Lakes of
Missouri Volunteer Program 2013).
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be more likely to spread in recycled water or under
subirrigation systems.

1.3 Bacteria

Although bacterial diseases are not common in most
woody plants in forest, conservation and native plant
nurseries, 8 different species of bacteria have been
confirmed in nursery irrigation water. The pathogenic
bacteria Erwinia spp. and Xanthomonas spp. have been
shown to spread through water, and to cause disease
in ornamental crops (Hong and Moorman 2005).
Xanthomonas axonopodis is a pathogenic bacterium
that is introduced in irrigation water in eucalyptus
nurseries in Brazil (Machado and others 2013).

1.4 Nematodes

Plant parastic nematodes can be carried in muddy
water but usually settle to the bottom of storage ponds
(Baker and Matkin 1978). In a search of the literature,
13 species of plant parasitic nematodes were confirmed
in nursery irrigation water. However, several nematode
species identified in a water source did not survive
when applied through a sprinkler irrigation system
(Hong and Moorman 2005).

1.5 Algae, mosses, and liverworts

Although not widely appreciated, propagules of algae
(Figure 2B), mosses, and liverworts are easily spread
through irrigation water. Even though they are not
considered classical pathogens, these primitive plants

can cause serious problems in nurseries. Mosses and
liverworts can become so thick on the top of container
plants that they interfere with water absorption (Svenson
and others 1998). In Oregon, liverworts were rated as the
worst container nursery weed problem (Hester and oth-
ers 2013). Harmful algal blooms can develop in irrigation
storage ponds or ditches, especially when fed with surface
waters high in nitrogen and phosphorus. Certain blue
algae, such as Microcystis aeruginosa (Figure 2B), produce
toxins when they die that can be harmful to humans and
pets (Wikipedia 2013). Algal blooms have resulted in
legal action in one forest nursery, and even nontoxic algae
can plug irrigation nozzles (Haman 2013). Algal mats

on the surfaces of container plants create ideal conditions
for fungus gnats, which can become a serious plant pest
(Landis 2007). Algal slime can create a safely hazard on
walkways and create unsightly and unsanitary conditions
that give nursery customers a bad impression (Merrill
and Konjoian 2006).
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1.6 Viruses

At least 10 plant pathogenic viruses have been docu-
mented in irrigation water (Hong and Moorman 2005)
but none have been associated with diseases in forest,
conservation, or native plant nurseries.

2. Detecting and monitoring
waterborne nursery pests

As we have just discussed, water from wells is much
less likely to contain pathogens than water from rivers,
ponds, or other surface sources and recycled irriga-
tion water is particularly suspect. So, how can you test
your water source and determine if pest populations
are present and are high enough to cause problems? A
pathological evaluation of your irrigation water should
determine whether the pathogen can be detected (the
detection threshold) and whether populations are high
enough and for sufficient time (the biological threshold)
to pose a real threat to your crops (Hong and Moorman
2005).

It is important to obtain an accurate evaluation of your
water quality because treating irrigation water can be
an expensive operation. The first step is to determine
what pests you are looking for because sampling and
testing procedures can vary considerably. A recent
national survey tested irrigation water quality at 5
points including the source, storage tanks, subirriga-
tion, furthest outlet, and catchment basins. However,
because the researchers only assayed the water samples
for “aerobic bacteria” and “yeasts and molds” (Meador
and others 2012), this general information really does
not help detect which could be causing problems.

No single test will detect all potential waterborne
pests, so irrigation water should be assayed by specific
diagnostic techniques. Laboratory tests are available
from some water treatment companies, university
plant pathology laboratories, and private microbiology
laboratories. For example, the Soil and Plant Testing
Laboratory at the University of Missouri at Columbia
will perform a basic water quality test for about $35
(Schultheis 2013).

2.1. Microscopic examination

Light microscopy is the classical method for detecting
and enumerating algal species, and detection of nema-
todes requires direct examination and counting under a
microscope (Baker and Matkin 1978). Identifying algal
species and determining population levels requires
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specialized training and standard protocols, such as
Standard Methods for the Examination of Water and
Wastewater, must be followed. Although microscopic
examinations provide important visual confirmation
of which algal species are found in water samples and
generates reasonably accurate population information,
it is tedious and time-consuming (Sellner and oth-

ers 2003). Therefore, laboratories specializing in algal
analysis, such as Phyco Tec should be consulted if a
problem exists; their website is a wealth of information
on identifying and treating algae in irrigation systems
(http://www.phycotech.com/).

2.2 Culturing on selective media

Water molds, fungi, and bacteria must be identified
after culturing on selective agar or in liquid culture, and
the number of colonies that grow from one milliliter of
water can then be counted in terms of colony forming
units per milliliter of water (cfu/ml) (Fisher and Smith
2007). One of the oldest tests for waterborne pathogens
is the use of apples, pears, or other plant tissues as baits
for water molds. The zoospores of both Phytophthora
spp. and Pythium spp. are attracted to the baits, pen-
etrate the tissue, and cause small circular decayed areas
(Figure 3). Castor bean (Ricinus communis) leaf discs
were used to bait B. cinerea and C. candelabrum from
nursery irrigation water in Brazil (Machado and others
2013). The number of lesions per bait give a rough esti-
mate of the pest population (Baker and Matkin 1978),
but culturing on selective media is required for specific
information. A wide variety of plant tissues or seed-
lings have been used as baits for Phytophthora spp, but
leaves of rhododendron plants have proven to be the
most effective (Orlikowski and Ptaszek 2010). Recent
research into detecting and monitoring Phytophthora
ramorum in and around nurseries has resulted in
specific protocols for this important waterborne pest
(USDA APHIS 2013).

Vacuum filtration of irrigation is a new technique that
was found to be more effective for detecting Phytoph-
thora species in streams, and also provided information
on inoculum density (Hwang and others 2008).

2.3 Serological tests

The enzyme-linked immunosorbent assay (ELISA) test
uses antibodies and color change to identify a sub-
stance, and is basically the same as home pregnancy
tests. However, due to cross reaction with other closely-
related species, it can be difficult to positively confirm
a specific pathogen. But, if large numbers of samples
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Figure 3 - Fruits, leaves and other baits attract the zoospores of
water molds, and then the lesions can be cultured to identify
individual species.

are to be processed, ELISA can be used as a low-cost
prescreening to reduce the number of samples that will
need to be processed for subsequent tests (Kliejunas
2010). In the Pacific Northwest, the recommended pro-
cedure for detecting water molds is to bait irrigation
water sources with Rhododendron spp. leaves for one
week and then test the leaves with ELISA kits (Parke
and Fisher 2013):

Phytophthora ImmunoStrip® is a dipstick on-site
kit that can be used to detect Phytophthora spp. and
Pythium spp. (Agdia 2013).

Alert LF™ lateral flow devices can be used to detect
the oomycete and fungal pathogens including Phy-
tophthora spp., Pythium spp., Rhizoctonia spp. and

Botrytis spp. (Neogen Europe 2013)

2.4 Molecular tests

Several different DNA-based molecular techniques have
been used to detect Phytophthora ramorum, and new
variations are continually being developed (Kliejunas
2020). Both real-time and nested polymerase chain
reaction (PCR) based molecular diagnostic assays have
proven useful for detecting Phytophthora spp. from leaf
baits, and greatly reduce the turnaround time (Colburn
and Jeffers 2011). PCR-based tests are being developed to
detect algal species in irrigation water, and would repre-
sent a big improvement over the lower and more labor
intensive light microscopy (Sellner and others 2003).

3. Treating water for pests

Any good water treatment system always begins with
filtration, which not only removes suspended inorganic
particles that can damage fertilizer injectors or plug
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irrigation nozzle but can also filter many waterborne
pests from the irrigation water.

3.1 Filtration

Filtration is a prerequisite for all types of water treatment.
Ultraviolet light requires clear water to to penetrate
pathogen cell walls whereas oxidizing compounds like
chlorine react with all types of suspended organic mate-
rial (Fisher and others 2008a). One recommendation is
that the total suspended solids should be less than 20 ppm
(Parke and Fisher 2012). Any filtration system is a trade-
off between removing suspended solids and waterborne
pests while allowing enough water flow and pressure so
that your irrigation system will operate properly. New
nurseries should do a series of water tests before selecting
on a filtration system, keeping in mind that the quality of
surface sources may change during the year. For example,
algae levels will increase during the summer so the filtra-
tion system must be able to handle the worst water quality
(Bartok 2000).

K o o5
Figure 4 - The first step in any water treatment is filtration and
several types of filters have been used (A). Cartridge filters are
easy to use and are available in different pore sizes and filter-
ing ability (B) (A modified from Taylor and Wiesner 1999).
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Several types of filters are commonly used in forest and
conservation nurseries (Figure 4A), and the best choice
depends on irrigation water source and quality.

Cartridge filters are made of paper or a spun fiber
(Figure 4A) and are most appropriate for container
nurseries that have irrigation water with a light sedi-
ment load such as that from wells or domestic sources.
They would not be practical for bareroot nurseries
using irrigation water containing suspended solids or if
algae is present because the filters will quickly clog and
have to be replaced. Cartridge filters come in a wide
variety of pore sizes from 0.025 to 8 microns (um),
which can remove several waterborne pathogens (Fig-
ure 4B). Zoospores of Pythium spp. and Phytophthora
spp. were also found to pass through membranes with
pores of 0.40 to 0.45 um (Hong and others 2003),

Screen filters come in all sizes and shapes and can be
made of slotted PVC, perforated or mesh stainless steel,
and nylon mesh, and should have a filtering capacity of
75 to 100 um (Schultheis 2013). Most have to be manu-
ally cleaned but some self-cleaning models use high
pressure water or brushes (Bartok 2000).

Disc filters consist of a stack of grooved wafers over
which the water passes, and the degree of filtration is
determined by the size and spacing of the grooves. They
are best for irrigation water with a low concentration

of suspended solids. Disc filters are cleaned and are
cleaned by backflushing — by reversing the water flow
into a separate drain (Bartok 2000).

Granular media filters, like the common swimming
pool sand filter, are best for removing organic mat-

ter such as algae and suspended silt and clay particles
(Bartok 2000). Depending on their construction, me-
dia filters are capable of removing suspended particles
from 50 to 150 pm in diameter (Bisconer 2011), and are
cleaned by backflushing.

Centrifugal filters are needed to remove sand and
other heavy organic matter so would only be need for
irrigation water from surface sources. Water is filtered
with a spinning motion inside a steel cone, and parti-
cles larger than 75 um are spun to the outside and then
collect along the bottom where they can be cleaned out
(Bartok 2000).

Biofilters or slow-flow filters are the newest category
and researchers in Europe and Australia have shown
they can remove waterborne pathogens including
Phytophthora spp. , Pythium spp., and Fusarium spp.
Biofilters are similar to granular media filters but the
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substrate is inoculated with beneficial microorganisms
such as Pseudomonas spp. or Trichoderma spp. This
substrate captures the waterborne pathogens and holds
them long enough for the beneficials to attack and neu-
tralize them. As the name implies, flow rates are rela-
tively slow and the treatment tanks must be large; rates
25 to 80 gallons per hour per square foot of substrate
are effective (Svenson 1999).

Ultra-filtration, with a membrane pore size of 0.02 to
0.10 pum, was effective in removing fungal and bacte-
rial pathogens from irrigation water under laboratory
conditions but would not be practical for the irrigation
water quality in operating forest nurseries (Machado
and others 2013).

3.2 Disinfection of irrigation water through
chemical oxidation

My memories of oxidation-reduction reactions from
chemistry class are something about oxygen’s ability

to strip electrons from other chemicals. Now, after all
these years, I can finally see how that tidbit of chemi-
cal knowledge can actually be put to good use. In water
treatment, the term oxidation refers the addition of
chemicals to kill waterbone pathogens and chemicals
that are strong oxidizers, such as chlorine, bromine,
and ozone, are excellent disinfectants. These oxidizing
compounds “burn” the pathogens and other suspended
organic matter in irrigation water but leaves only harm-
less chemicals as by-products. The oxidation reduction
potential (ORP) of any treatment solution is dependent
on the concentration of the oxidizer, and its activity can
be can be measured in millivolts (mV) (Newman 2004).

3.2.1 Chlorine. Chlorination is by far the most common
water treatment for nurseries wanting to prevent pests
that are introduced through the irrigation system (Fisher
and others 2008a). Chlorine comes in many formula-
tions, which differ considerably in safety and ease of use.

Chlorine compounds can be gas (chlorine or chlorine di-
oxide), solid (calcium hypochlorite or chlorine dioxide),
or liquid (sodium hypochlorite). All chlorine products
supply hypochlorous acid (HOCI), which is the sanitizing
form of chlorine when dissolved in water (Table 1).

Chlorine gas. This is the traditional method of chlori-
nation but many nurseries may not consider chlorine

gas due to safety concerns. Chlorine gas is toxic at low
concentrations, as well as corrosive. However, one large
ornamental nursery that used 1.3 million gallons of water
per day installed REGAL gas chlorinators and found this
system very effective. Not only were they easy to install
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Table 1 - Sources of chlorine for irrigation water treatment (modified from Newman 2004; Fisher and others 2008a).

Target Chlorine Safety
Chemical | Form Formulation Injection Method Concentration Considerations

Chlorine Gas cl, Chlorine gas is bubbled through the | 1to 2 ppm Chlorine gas is very toxic, so
water, where it combines with the requires protective clothing,
water to form hypochlorous acid: masks, and must be handled
(HOCI) and hydrochloric acid (HCL) carefully.

Sodium Liquid or | NaOCI - Household bleach | Liquids require a special injector 1to 2 ppm Splash hazard for liquids

hypochlorite | soluble | is 3% to 6% NaOCl; indus- | that is resistant to corrosion and has so protective clothing and

tablets trial bleaches are 10% to a high injection ratio. Tablets are masks should be used.
12% NaOCl gradually dissolved in flow-through Tablets are least hazardous

feeders. option.

Calcium Soluble | Ca(0Cl), Tablets are gradually dissoved in a 1to2 ppm Tablets are least hazardous

hypochlorite | tablets flow-through feeders option.

Chlorine Soluble clo, Injectors using tablets are now 0.25 ppm Tablets are least hazardous

dioxide tablets available. option.

and maintain, but they paid for the injectors the first year
and it cut their fungicide use by 50% (Majka and others
2008).

Chlorine dioxide. Although it is 25 times more effective
than chlorine gas as a biocide, chlorine dioxide can be 5 to
10 times more expensive. Originally, generating chlorine
dioxide on-site was problematic, but several commercial
products are now available. The Ultra-Shield” Chlorine
Dioxide Water Treatment System features tablets that dis-
solve in water in less than 20 minutes to release chlorine
dioxide and can be used for treating irrigation water. The
AquaPulse System is a fully automated chlorine dioxide
generator that produces chlorine dioxide for injection into
irrigation systems (Fisher and others 2009).

Sodium hypochlorite. One of the oldest disinfectants,
sodium hypochlorite was first used to kill disease-causing
microorganisms by Louis Pasteur. Ordinary household
bleach contains 3% to 6% NaOCI, whereas industrial
bleaches are more concentrated (10% to 12% NaOCl).
Due to this relatively low concentration, high volume
injectors are needed that are also resistant to corrosion
(Newman 2004). Still, sodium hypochlorite has been to
treat nursery irrigation water (Fisher and others (2008b).

Calcium hypochlorite. Commonly available as tablets
(Figure 5), calcium hydroxide is much easier to use
and store than liquid bleach (Newman 2004). From a
handling and safety standpoint, tablets were considered
superior to other formulations (Ferraro and Brenner
1998). Chlorine tablets are not as corrosive and can be
applied with injectors similar to those commonly used
for swimming pools. A typical applicator schematic
can be found in Fisher and others (2008b).

Mode of action. Hypochlorous acid oxidizes all forms
of organic material, not just fungal pathogens or algae.
For this reason, irrigation water must be prefiltered to
remove other types of suspended organic material so
that the hypochlorous acid is more effective for patho-
gen control. Chlorine is most effective in irrigation
water with a slightly acid to neutral pH (6.0 to 7.5), and
its activity drops off rapidly at either lower or higher
pH values. For example, almost 3 times the amount
of sodium or calcium hypochlorite would be needed
at pH 8 to have the same effectiveness in water with a
pH of 7 (Fisher and others 2008c). One advantage of

' A Rule to Prevent Forest Fires

Figure 5 - Tablets are considered the safest way to supply chlo-
rine or bromine for disinfecting irrigation water (Ferraro and
Brenner 1998).
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Figure 6 - All Pythium spp. zoospores were killed after 0.5 min
exposure to 0.5 ppm chlorine, which produced an oxidation
reduction potential (ORP) meter reading of 764 mV (modified
from Lang and others 2008)

chlorine dioxide is that it is effective at a much wider
pH range (Fisher and others 2009).

Target concentration. Chlorine activity is typically
reported as free residual chlorine or total chlorine. Free
residual chlorine is the more practical measurement
because it reflects the chlorine available for disinfection
after the background demand of suspended organic
matter and biofilm has been satisfied (Fisher and oth-
ers 2008¢). In a controlled research trial, 100% of the
Pythium aphanidermatum zoospores were killed after
0.5 min exposure to 0.5 ppm chlorine after the water
pH was reduced to 6; this produced an oxidation reduc-
tion potential (ORP) meter reading of 764 mV (Lang
and others 2008) (Figure 6). Operational research has
shown that 1 to 2 ppm residual free chlorine is required
at the farthest sprinkler head, which may require an
initial injection of up to 6 ppm of chlorine. Although

2 ppm free chlorine effectively controls zoospores of
Pythium and Phytophthora species in irrigation water,
the more resistant fungal structures such as chlamydo-
spores, oospores and hyphae in suspended organic mat-
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ter may not be controlled at this concentration (Wick
and others 2008). Control of mycelial fragments of
Phytophthora required 8 ppm chlorine compared with 2
ppm for zoospores, whereas 12 to 14 ppm free chlorine
were required to control Fusarium oxysporum conidia
and Rhizoctonia solani mycelia (Hong and others 2003).
For algae control, injecting enough chlorine to main-
tain at least 1 to 3 ppm of free chlorine at the end of the
irrigation line was found to be effective (Nye 2013).

Phytotoxicity. Maintaining free residual chlorine levels
at no more than 2 ppm should avoid phytotoxicity, but
testing on your specific crop is always recommended.
A research trial with a variety of ornamental shrubs,
showed that a 5 minute exposure to 2.4 ppm free chlo-
rine killed waterborne pathogens without reducing the
plant value (Cayanan and others 2009).

Monitoring. A chlorine meter can be purchased for $150
to $300; be sure that the meter measures free chlorine,
rather than total chlorine. An ORP meter, which costs
$100 to $400, is better way to monitor the disinfecting
power in your irrigation water — the higher the millivolts
reading, the greater the sanitizing power. In tests at the
University of Florida, commercially available Extech and
Hanna Instruments ORP meters produced results similar
to a higher-cost laboratory sensor (Fisher and others
2008b). Lang and others (2008) consider ORP meters

to be essential for nursery managers using chlorination.
When the irrigation water of a greenhouse using chlorine
injection was measured at the sprinkler head, it had an
ORP reading of 825 mV with 1.4 ppm free chlorine and
2.25 ppm total chlorine (Newman 2004).

3.2.2 Bromine. Although bromine (Table 2) has an
oxidation potential 21% lower than chlorine (Newman
2004); it is reported to have a higher activity against
algae, bacteria, fungi, and viruses (Austin 1990);. Bro-
mine reacts more quickly than chlorine and this may
provide some benefits in reducing the required con-
tact periods (De Hayr and others 1995). Agribrom™ is
available in tablet form (Figure 5), and can be applied
through a inexpensive pool chlorinator in which water
gradually dissolves the tablets and disperses bromine
into the irrigation water. One nursery that propagated
cuttings with a mist system installed a pool chlorinator

Table 2 - Bromine compounds used to disinfect irrigation water (modified from Fisher and others 2008a).

Form Active Ingredient Solubility Injection Method Target Concentration
Tablets . .
1-Bromo-3-chloro-5,5-dimethyl-2,4- Tablets or granules are slowly dissolved and the .
or imadazolidinedi Slowly injected into the irriati 5 to 35 ppm bromine
granules 1madazolidinedione supernatant injected into the irrigation system
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for around $100 and used Agribrom tablets to maintain
5 to 25 ppm of bromine (Klupenger 1999). Typically,

5 to 10 ppm of bromine is needed to inactivate most
microorganisms, and research has shown very little
phytotoxicity even on sensitive plants at bromine rates
as high as 100 ppm. One comparison with the use of
chlorine concluded that bromination was the least
expensive, most effective method of disinfecting irriga-
tion water (Ferraro and Brenner 1998).

3.3 Other options for disinfecting irrigation
water

3.3.1 Activated peroxygen. This stabilized mixture of
hydrogen peroxide (H,O,) and peracetic/peroxyacetic
acid is injected directly into irrigation lines, but re-
quires an injector with a high injection ratio and that is
resistant to corrosion (Parke and Fisher 2013). Several
commercial products are available such as ZeroTol®,
which has been used by container nurseries for many
years and GreenClean®,which is particularly effective
against algae (BioSafe Systems 2013). Although Zero
Tol® can be used by organic growers, its high cost may
be prohibitive for continual water treatment (Newman
2004).

3.3.2 Copper ionization. Copper solutions have been
used to control plant disease since Bordeaux mixture was
developed in the late 1800s. For treating irrigation water,
copper ions are generated by applying a direct electrical
current across copper electrodes as water passes through
a series of pipe chambers (Emmons 2002). Copper
ionization has strong residual activity, which means the
copper ions travel with the water and attack pathogens
throught out the irrigation system and even in the soil

or growing medium. Research has shown that 0.5 to 1.0
ppm of free copper significantly reduced Pythium spp.
Phytophthora spp. and other waterborne pathogens,
while 1.0 to 2.0 ppm effectively reduced algae. A variety
of copper ionization systems are commercially avail-

able from around $5,000, but it is important to select

one designed for nurseries instead of swimming pools.
Copper ionization systems can be designed for water
flow rates from a few gallons to thousands of gallons per
minute. The electrical conductivity (EC) of the water
would obviously affect the ionization process so, where
EC can fluctuate frequently as in water recycling systems,
precise monitoring is required (Fisher and others 2008d).
The Aqua-Hort® system features controls that control
ionization based on water quality and flow rate, and uses
magnetic coils to increase the copper ion activity (Aqua-
Hort 2013). One nursery generated 20 to 25 ppm copper
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into a stock tank, and then injected this treated solution
at a ratio to maintain the desired 0.5 ppm level in the
irrigation lines (Emmons 2002). The issue of copper pol-
lution of leached irrigation water is a concern but has not
proven to be a problem when copper ionization systems
are properly designed and operated.

3.3.3 Heat. Pasteurization is one of the oldest methods
of disinfesting water, and maintaining a temperature of
around 200 °F (93 °C ) for 30 seconds is sufficient to kill
most plant pathogens. However, due to the high energy
demand, heat treatment is much too expensive for the
large volumes of water required for most irrigation
systems (Parke and Fisher 2013).

3.3.4 Ozone. The first discovery of ozone was in 1839,
and the name comes from the Greek word “ozein,” which
means “to smell” Ozone is the strongest oxidizer and has
an oxidation potential that is 52% higher than chlorine
(Newman 2004). The first application of ozone generation
for water treatment was in France in 1906 and today most
European and some US cities use ozone for drinking wa-
ter treatment instead of chlorine. Several ozone genera-
tors are available commercially (Zeitoun 1996). A corona
ozone generator that uses electrical energy to produce
ozone, which is then dissolved into the irrigation system
with a venturi system, has been recommended; typical
swimming pool generators that use ultraviolet light to
generate ozone are not (Hayes and others 2009). Ozone

is effective against all waterborne pathogens including
nematodes and viruses but needs at least 4 minute contact
time. Ozone has a half life of 4 to 20 minutes and so the
generator should be installed in the irrigation line (Fer-
raro and Brenner 1998). Water filtration before treatment
is absolutely necessary. Dissolved ozone residual levels in
the range of 0.01 to 0.05 ppm control algae, but should

be below 1 ppm to avoid phytotoxicity. Dissolved ozone
can be measured with test kits or commercial monitors.
Because it is a strong oxidizer, ozone activity can be most
effectively and economically monitored with an oxidation-
reduction potential meter (Hayes and others 2009). Un-
like the chemical water treatments, ozone does not leave
behind any by-products; instead, ozone molecules break
down to oxygen. As a bonus, ozonated irrigation water
was found to have a suppressive effect on existing liver-
worts in container stock (Graham and Dixon 2012).In a
comparison between ozone and chlorination, one nursery
found that operating costs were less with ozonation and
that the investment in a generator was amortized in 2 to

3 years (Roberts 1993). For worker safety, ambient ozone
gas monitors can be programmed to automatically shut
down the generator if a leak occurs and if ozone is used
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indoors, safety criteria set by the Occupational Safety and
Health Administration must be met (Hayes and others
2009).

3.3.5 Ultraviolet radiation. Electromagnetic radiation
in the 100 to 400 nanometers (nm) wavelengths is con-
sidered ultraviolet (UV), so named because it is closest to
violet light but beyond the light sensitivity of the human
eye. Not all UV light is the same, however, and only
radiation known as UV-C (240 to 280 nm) is useful for
disinfecting irrigation water. Because UV light must hit
each microorganism, water turbidity must be very low —
a maximum of 2 nephelometric turbidity units (Fynn and
others 2009). Water is treated in a disinfection chamber
where it passes by special lamps that generated the UV
light (Figure 7); because suspended minerals or other
matter can be deposited on the lamp housing, many UV
water treatment systems feature some sort of automatic
wiping system. Effectiveness of disinfection depends on
UV light intensity and duration of exposure; 250 mJ/cm?
(250,000 pwatt-sec/cm?) will eliminate most waterborne
pathogens (Newman 2004). Because UV radiation has
no residual effects, it is often combined with chlorination
or ozone treatment, which produces a synergistic effect.
When UV light combines with ozone, the sanitizing
effect is increased. If you are considering UV light water
treatment be sure to consult with experts to make certain
that it is properly designed for your conditions (Fynn and
others 2009).

Untreated
water

Disinfection chamber

UV-C radiation

UV-C lamp
I
UV-C radiation
Treated

water

Figure 7 - Ultraviolet (UV) lamps create high energy radiation
that kills waterborne organisms as they pass through a disin-
fection chamber (modified from Newman 2004).
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4, Additional information and
training

Obviously, treating irrigation water to prevent waterborne
pathogens from entering your nursery is a complicated
subjects and there are many options. An excellent source
for learning more about water treatment methods is the
educational center of the Water Education Alliance for
Horticulture website (www.watereducationalliance.org).
Applied research and efficacy tests for different water
treatment technologies can be explored by selecting
“grower tools” and “waterborne solutions.” Many articles
and videos about water treatment technologies are avail-
able, and growers can register for upcoming webinars and
workshops on this website.

For specific information about the waterborne patho-
gen Phytophthora spp. and especially the new threat
of Phytophthora ramorum, nursery managers can take
a Phytophthora Online Course: Training for Nursery
Growers at URL: http://oregonstate.edu/instruct/dce/
phytophthora/module2.html.

5. References

Agdia. 2013. URL:
https://orders.agdia.com/InventoryD.asp?attribute_Size
=5&collection=ISK+92601&loc=IN (Accessed May 29
2013).

Aqua-Hort. 2013. Copper fertilization and electromag-
netic treatment of nutrition water. URL: http://www.
aqua-hort.dk/ (accessed 10 June 2013).

Austin B. 1990. Brominization vs. chlorination. Interna-
tional Plant Propagators’ Society, Combined Proceed-
ings (1989) 39:310-311.

Avila FJ, Schoedel B, Abad ZG, Coftey MD, Blomquist
C. 2010. ELISA and ImmunoStrip® for Detection of
Phytophthora ramorum, P. kernoviae, and other Phy-
tophthora species. In: Frankel S, Kliejunas JT, Palmieri
KM, technical coordinators. Proceedings of the Sudden
Oak Death Fourth Science Symposium. Albany (CA):
USDA Forest Service, Pacific Southwest Research Sta-
tion. General Technical Report PSW-GTR-229:95-96.

Baker KE, Matkin OA. 1978. Irrigation water: detection
and control of pathogens in water. Ornamentals North-
west 2(2):12-14..



Forest Nursery Notes

Bewley WE Buddin W. 1921. On the fungus flora of
glasshouse water supplies in relation to plant diseases.
Annals of Applied Biology 8: 10-19.

BioSafe Systems. 2013. Horticulture. URL: http://www.
biosafesystems.com/Industry-Home-GreenhouseNursery.
asp (accessed 10 Jun 2013).

Bisconer I; Boswell MJ. 2011. Microirrigation system
fundamentals. In: Stetson LE, Mecham BQ, eds. Irriga-
tion, 6th Edition. Falls Church (VA): Irrigation Asso-
ciation: 387-452.

Black, R. 2009. Recycled irrigation water chlorination
and pathogen prevention. International Plant Propaga-
tors’ Society, Combined Proceedings (2008) 58:508-511.

Cayanan, D. E, Dixon, M., Zheng, Y., and Llewellyn, J.
2009. Response of container-grown nursery plants to
chlorine used to disinfest irrigation water. HortScience
44(1):164-167.

Chastagner G, Oak S, Omdal D, and 7 others. 2010.
Spread of P. ramorum from nurseries into waterways—
implications for pathogen establishment in new areas
In: Frankel SJ, Kliejunas JT, Palmieri KM, tech. coords.
Proceedings of the sudden oak death fourth science
symposium. Albany (CA): USDA Forest Service, Pacific
Southwest Research Station. General Technical Report
PSW-GTR-229: 22-26

Colburn G, Jeffers S. 2011. Use of real-time and nested
PCR to detect Phytophthora ramorum in infested nurs-
ery container mixes and soils. Phytopathology 101:538.

Emmons M. 2002. Ionized copper as an effective control
of problematic pathogens. International Plant Propaga-
tors’ Society, Combined Proceedings (2001) 51:504-506.

Ferraro, B. A. and Brenner, M. L. 1998. Disinfection of
nursery irrigation water with chlorination, bromina-
tion, and ozonation. International Plant Propagators’
Society, Combined Proceedings (1997) 47:423-426.

Fisher P, Argo B, Huang ], and 6 others. 2009. Using
chlorine dioxide for water treatment. URL: http://www.
aquapulsesystems.com/ChlorineDioxidefor Water
Treatment.pdf (accessed 6 Jun 2013)

Fisher P, Argo W, Fischer R, Konjoian P. 2008a. Wa-
ter treatment series: choose the best water-treatment
method for your operation. Greenhouse Management
and Production 28(3):19, 21-24.

Fisher P, Argo B, Hong C, Huang J. 2008b. Water treat-
ment series: sodium, calcium hypochlorite can treat

24

Summer 2013

irrigation water. Greenhouse Management and Produc-
tion 28(6):21-22, 24-25.

Fisher P, Huang J, Looper A, Minsk D. 2008c. Water
treatment series: water sanitation using chlorine.
Greenhouse Management and Production 28(7):15-16,
19-20, 22.

Fischer R, Fisher P, Frances, A. 2008d. Water treatment
with copper ionization. Greenhouse Management and
Production 28(12):18, 20-21

Forest Phytophthoras of the World. 2013. URL: http://
www.forestphytophthoras.org/ (accessed 24 Apr 2013).

Fynn, R. P, Fisher, P, Frances, A., and Argo, B. 2009.
Using ultraviolet light for water treatment. Greenhouse
Management and Production 29(2):16, 18-21.

Ghimire SR, Richardson PA, Moorman GW, Lea-Cox JD,
Ross DS, Hong CX (2009) An in situ baiting bioassay for
detecting Phytophthora species in irrigation runoff con-
tainment basins. Plant Pathology 58(3):577-583.

Graham T, Dixon MA. 2012. Liverwort control: an an-
cillary role for ozone-based irrigation water treatment
systems? HortScience 47(3):361-367.

Haman DZ. 2013. Causes and prevention of emit-

ter plugging in microirrigation systems. Publication
BUL258. Gainesville (FL): University of Florida. URL:
http://edis.ifas.ufl.edu (accessed 27 May 2013).

Hayes C, Evans L, Fisher P, Frances A, Vetanovetz R,

Zheng, Y. 2009. Combat pathogens, algae with ozone
treatment. Greenhouse Management and Production
29(1):16-18, 20.

Hester K, Vea E, Palmer CL. 2013. IR-4 Ornamental
Horticulture Program Liverwort Efficacy. URL: http://
ir4.rutgers.edu/ir4_pdf/default aspx?pdf= http://ir4.
rutgers.edu/Ornamental/SummaryReports/Liverwort
DataSummary2012.pdf (Accessed May 27 2013).

Hong, C. X,, Richardson, P. A, Kong, P., and Bush, E.
A. 2003. Efficacy of chlorine on multiple species of
Phytophthora in recycled nursery irrigation water. Plant
Disease 87(10):1183-1189.

Hong CS, Moorman GW. 2005. Plant pathogens in
irrigation water: challenges and opportunities. Critical
Reviews in Plant Sciences, 24:189-208.

Hong CS, Richardson PA, Kong P. 2002. Comparison of
membrane filters as a tool for isolating pythiaceous spe-
cies from irrigation water. Phytopathology. 92: 610-616.



Forest Nursery Notes

Hwang, J.; Oak, S.W. and Jeffers, S.N. 2008. Detecting
Phytophthora ramorum and other species of Phytoph-
thora in streams in natural ecosystems using baiting
and filtration methods. Proceedings of the Sudden Oak
Death Third Science Symposium General Technical
Report PSW-GTR-214: 55-58.

Kliejunas, John T. 2010. Sudden oak death and Phy-

tophthora ramorum: a summary of the literature. 2010
edition. Gen. Tech. Rep. PSW-GTR-234. Albany (CA):
USDA Forest Service, Pacific Southwest Research Sta-
tion. General Technical Report PSW-GTR-234. 181 p.

Klupenger D. 2000. Cleanliness in propagation with
the use of Agribrom. International Plant Propagators’
Society, Combined Proceedings (1999) 49:602-603.

Landis TD. 2013. Phytophthora ramorum: Impacts on
forest, conservation and native plant nurseries. Lin-
coln (NE): USDA Forest Service, Forest Nursery Notes
33(1): 15-24.

Landis, TD. 2007. Managing fungus gnats in Con-
tainer Nurseries. Central Point (OR): USDA Forest
Service, Forest Nursery Notes, Winter 2007 (R6-CP-
TP-01-2007): 16-19.

Lakes of Missouri Volunteer Program. 2013. Blue
green algae in Missouri. URL: http://www.Imvp.org/
bluegreen/index.html (accessed 5 Jun 2013).

Lang JM, Rebits B, Newman SE, Tisserat N. 2008.
Monitoring mortality of Pythium zoospores in chlo-
rinated water using oxidation reduction potential.
URL: http://ghex.colostate.edu/pdf_files/Pythium.pdf
(accessed 5 Jun 2013).

Machado P da S, Alfenas AC, Coutinho MM, Silva CM,
Mounteer AH, Maffia LA, Freitas RG, Freitas, C. 2013.
Eradication of plant pathogens in forest nursery irriga-
tion water. Plant Disease 97(6): 780-788.

Majka, J. M., Argo, B., Fisher, P, and Hong, C. 2008.
Water treatment series: gas chlorination can sani-
tize water. Greenhouse Management and Production
28(8):17-19.

Meador DP, Fisher PR, Harmon PF, Peres NA. 2012.
Survey of physical, chemical, and microbial water qual-
ity in greenhouse and nursery irrigation water. Hort-
Technology 22(6):778-786.

Merrill L, Konjoian P. 2006. How critical is greenhouse
water treatment? Greenhouse Management and Pro-
duction 26(6):88-94.

25

Summer 2013

Neogen Europe (2013). Alert-LE. URL: http://
plant.neogeneurope.com/protype.asp?strParents
=100&CAT_ID=103&numRecordPosition=1
(accessed 29 May 2013).

Newman, SE. 2004. Disinfecting irrigation water for
disease management. San Jose (CA): 20th Annual
Conference on Pest Management on Ornamentals,
February 20-22, 2004. URL: http://ghex.colostate.
edu/pdf_files/DisinfectingWater.pdf (accessed 24
Apr 2013).

Orlikowski LB, Ptaszek M. 2010. Water as the impor-
tant source of Phytophthora species in horticulture
and natural environment. In: Lutsenko A, Palahniuk
V, editors. Water microbiology: types, analyses, and
disease-causing microorganisms. Hauppauge (NY):
Nova Science Publishers: 281-294.

Parke J, Fisher P. 2013. Treating irrigation water to
eliminate water molds. Pscheidt JW, Ocamb CM, editors.
Pacific Northwest Plant Disease Management Hand-
book. URL: http://pnwhandbooks.org/plantdisease/
pesticide-articles/treating-irrigation-water-eliminate
-water-molds (accessed May 28 2013).

Parke JL, Griinwald NJ. 2012. A systems approach for
management of pests and pathogens of nursery crops.
Plant Disease 96(9): 1236-1244.

Roberts DR. 1993. How to use ozone to eradicate
pathogens. Nursery Manager 9(6):74.

Schultheis RA. 2013. Maintenance of drip irrigation
systems. Marshfield (MO): University of Missouri Ex-
tension. URL: http://extension.missouri.edu/webster/
irrigation/ Maintenance_of D rip_Irrigation_Systems.
HDT.pdf (accessed 27 May 2013).

Sellner KG, Doucette GJ, Kirkpatrick GJ. 2003. Harm-
tul algal blooms: causes, impacts and detection. Journal
of Industrial Microbiology and Biotechnology 30(7):
383-406.

Svenson SE, Smith B, Briggs B. 1998. Controlling liv-
erworts and moss in nursery production. International
Plant Propagators’ Society, Combined Proceedings
(1997) 47:414-422.

Stewart-Wade, SM. 2011. Plant pathogens in recycled
irrigation water in commercial plant nurseries and
greenhouses: their detection and management. Irriga-
tion Science 29(4):267-297.



Forest Nursery Notes

Taylor JS, Wiesner M. 1999. Chapter 11: Membranes,
In: Letterman RD, technical editor. Water quality and
treatment: a handbook of community water supplies.
New York (NY): McGraw Hill Inc: 1 to 71.

[USDA-APHIS] USDA Animal and Plant Health
Inspection Service. 2013. In vitro water sampling with
host material leaf baits—bottle of bait (BOB) technique.
URL: http://www.aphis.usda.gov/plant_health/plant_
pest_info/pram/ (accessed 19 May 2013).

Whitsell W], Lee RD, Hockman EL, Keech DK, Briggs
GF, Norman E. 1982. Manual of individual water supply
systems. US Environmental Protection Agency. EPA-
570/9-82-004. 155 p.

Summer 2013

Wick RL, Fisher PR, Harmon PE 2008. Water treatment
series: waterborne pathogens affect water treatment.
Greenhouse Management and Production 28(4):16-18.

Wikipedia. 2013. Algal bloom. URL: http://
en.wikipedia.org/wiki/Algal bloom (accessed 21 May
2013).

Zeitoun FM. 1996. Ozone: an effective nursery runoff
treatment? Farwest Magazine 40(8):39, 41-43.

can be recommended.

pesticide containers.

Pesticide Precautionary Statement

This publication reports research involving pesticides. It does not
contain recommendations for their use, nor does it imply that the uses
discussed here have been registered. All uses of pesticides must be
registered by appropriate State and/or Federal agencies before they

CAUTION: Pesticides can be injurious to humans, domestic animals,
desirable plants, and fish or other wildlife—if they are not handled or
applied properly. Use all pesticides selectively and carefully. Follow
recommended practices for the disposal of surplus pesticides and
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Using Water to Cool Nursery Crops

by Thomas D. Landis

Heat injury to nursery seedlings has been a problem
since the early 1900s, and considerable research was
done over the following 25 years to develop cultural
practices to prevent it. Although growth losses due to
excessive heat undoubtedly occur, the most obvious
damage has been stem girdling of newly emerged seed-
lings by direct sunlight (Hartley 1918). Young, newly
emerged, succulent seedlings are killed by a constric-
tion at the ground line (Figure 1A), whereas older nurs-
ery stock often develops a white spot on the sunny side
of the stem (Figure 1B). Vigorous plants may be able to
outgrow this injury but others form a stem canker that
causes structural weakness. The stem of damaged seed-
ling may eventually bend or even break at the injury
site (Barnard 1990).

Although this damage is more common in seedbeds,
both bareroot and container stock have been affected.
Cooling with irrigation or “water shade” has been
proven effective in numerous studies. For example,
midday sprinkler irrigation reduced surface soil tem-
peratures almost 30°F (16.6°C) and the cooling effect
lasted for more than 4 hours (Stoeckeler and Slabaugh
1965; Figure 1C).

. . a = Air temperature in shade
Irrigation | b = Surface soil temp in sun w/ irrigation
130 <—period —| ¢ = Surface soil temperature w/o irrigation
Figure 1 - The most serious : I : T c T T
type of heat injury to nursery . o ~|.~'~ e

crops is damage to stem tissues -
in succulent young seedlings, L 120
causing stem girdling (A) or ~
cankers (B). The cooling effect o
of irrigation has been proven =
in a research trial at a North ©
Dakota  bareroot nursery 6
where midday sprinkler ir- o
rigation significantly reduced -
surface soil temperatures for )
more than 4 hours (C) (C - =
modified from Stoeckeler and
Slabaugh 1965). 90

3
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1. The basic physics

Before we go any further, let us review some basic con-
cepts of heat transfer. Heat is usually known as sensible
heat, which is the familiar type that we can measure
with a thermometer. Latent heat, on the other hand, is
related to phase changes from a gas to a liquid or from
a liquid to a solid. When water freezes into ice, heat

is given off in an exothermic reaction; however, when
liquid water evaporates, heat is absorbed — an endo-
thermic reaction. Water has the highest latent heat of
vaporization of all common liquids (540 calories per

A Temp: 20 C
RH: 20 %
VPD: 1.86 kPa

Temp: 20 C
RH: 80%
VPD:0.47 kPa
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Figure 2 - The vapor pressure deficit (VPD) is a reflection
of the evapotranspirational demand of the atmosphere sur-
rounding the crop. VPD will always be higher in bareroot
beds (A) and open compounds than in enclosed structures
such as greenhouses (B).
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gram), which means that when growers apply sprinkler
irrigation on hot sunny day, the subsequent evaporation
removes heat from their crops and their immediate en-
vironment. For each gallon of water that is evaporated,
around 9400 Btu of heat are absorbed (Bartok 2003).

The potential for cooling with irrigation also depends
on the atmospheric demand for water vapor - the
vapor pressure deficit (VPD). The VPD is important
in nursery work because it reflects the evapotranspira-
tional demand of the surrounding atmosphere, which
is important to know before you consider cooling with
irrigation. VPD is primarily a function of temperature
and relative humidity, although wind must also be
considered (Landis and others 1992). For example, in
an open bareroot field (Figure 2A), the VPD would be
much greater than that in a closed greenhouse (Figure
2B). Even in the humid southeastern states, the poten-
tial exists for 10 to 20 °F (5.5 to 11.0 °C) of cooling
below the ambient temperature during the warmest
part of the day (Bartok 2003).

Figure 3 - Irrigation water quality is critical to the success of
cooling with irrigation. Water with high levels of dissolved
salts can plug irrigation nozzles and leave unsightly spots on

plant foliage.
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2. Importance of water quality

Although any water source can be used to cool plants

on a hot day, water with a low level of dissolved salts will
cause less problems (Evans and van der Guzik 2011).
When water evaporates, it leaves behind any dissolved
minerals (that is, salts) on your sprinkler heads or crops
(Figure 3). The standard index of irrigation water quality
is measured as electrical conductivity (EC). EC is a mea-
sure of the salinity (total salt level) of an aqueous solution.
EC meters measure electrical charges carried by the salts
that are dissolved in a solution — the more concentrated
the salts, the higher the reading. All irrigation water
contains some salt ions, the result of rain water trickling
through soil and rocks; for instance, water percolating
through calcareous rocks or soils picks up calcium, mag-
nesium and bicarbonate ions. Because salts are left behind
when surface water evaporates, irrigation water from dry
climates will have higher EC readings than water from

a humid climate (Landis and Dumroese 2006). These
mineral deposits are particularly troublesome when using
sprinkler irrigation to cool crops because the water appli-
cation rates are too low to wash away excess salt deposits
(Evans and van der Guzik 2011).

Table 1 - Irrigation water quality test criteria for cooling with
irrigation (modified from Evans and van der Guzik 2011;
Hopkins and others 2007).

Quality Indices (Do not exceed)

pH 7.5
Electrical conductivity 2 dS/m (2 mmhos/cm)
(EC)

Lime deposition potential

(lesser of sum of Ca + 4 meq/1

Mg, or CO; + HCO;

Conversion Factors

To convert from ppm

to meq/l, divide by this
number; to convert from

Specific Ions
Measured in parts per
million (ppm or mg/1),
or milliequivalents per

liter (meq/1) meq/l to ppm, multiply
by the same factor

Calcium (Ca) 20
Magnesium (Mg) 12.2
Sodium (Na) 23
Chloride (Cl) 35.5
Carbonate (C03) 30
Bicarbonate (HCO3) 61

29

Summer 2013

So, before you consider cooling with irrigation, the first
step is to take water a sample and have it chemically
analyzed. Irrigation water quality is typically reported
in units of parts per million (ppm), milligrams per liter
(mg/1), or milliequivalents per liter (meq/l); conversion
factors are provided in Table 1.

Several water quality indices can be used to determine
whether your irrigation water is suitable for cooling
your crops. The quickest test is EC: if the amount of
total salts in the water is too high (EC > 2 dS/m), the
water should not be used for crop cooling (Table 1).
Irrigation water pH can also provide clues. When the
pH of irrigation water exceeds 7.5, the potential for
calcium carbonate precipitation is high (Evans and van
der Guzik 2011). One of the most widely-used water
quality indexes is the lime deposition potential (Hopkins
and others 2007). Lime deposition occurs when calcium
or magnesium carbonates precipitate out of irrigation
water, leaving white residues or deposits. Water with a
high lime deposition potential rating can cause crusts
(scale) that can plug irrigation nozzles and white resi-
dues on plant foliage (Figure 3). These residues are not
damaging in themselves but may reduce the saleability
of your plants. The lime deposition potential of irriga-
tion water is calculated from water test results as the
lesser of the sum of the calcium and magnesium ions,
or the sum of carbonate and bicarbonate ions. The
higher the number, the higher the risk of lime deposi-
tion and irrigation waters with LDP values greater than
4 should not be used for irrigation cooling (Table 1).

Certain dissolved salt ions, such as chloride, can di-
rectly “burn” plant foliage. Crops vary considerably in
their tolerance to chloride, but irrigation waters with
less than 70 ppm chloride is considered safe for most
plants (Hopkins and others 2007).

Unfortunately, irrigation water cannot be treated in
any economical way to remove potentially damag-
ing salts because of their associated energy costs. For
example, reverse osmosis is very effective but the pro-
cess is energy intensive and only about 10 percent of
the original volume of water is usable after treatment
(Hopkins and others 2007).

3. Methods of applying irrigation
for cooling crops

In traditional agriculture, sprinkler irrigation has been
used to reduce crop temperatures in 3 different ways
(Evans and van der Guzik 2011):
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Water evaporation in the air. When growers apply a
fine mist of water to their crops, heat is absorbed from
the surrounding air (Figure 4). This is the least efficient
method, however, because the cooled air must reduce
plant temperatures by convective heat transfer.

Hydrocooling. Water is applied directly to leaves and
the sensible heat is carried away by liquid runoft. This
would be impractical in forest, conservation, and na-

tive plant nurseries because it requires large quantities
of water and leads to saturation of the soil or growing

medium.

Sprinkler irrigation. When just enough water is ap-
plied to throughly wet plant foliage, the temperature

of the leaves drops when the surface water evaporates
back into the atmosphere (Figure 4). This relatively
large amount of latent heat loss by means of conduction

is the most effective way to cool crops.

3.1 Bareroot nurseries and open growing

compounds

Although the evapotranspirational demand is always
higher in bareroot seedbeds and open compounds
than in enclosed structures, the only practical op-
tion for applying water to crops is through traditional
sprinkler nozzles. “Water cooling” consists of brief

Figure 4 - Irrigation can be applied
in 3 different droplet sizes to cool
crops. The larger drops of from con-
ventional irrigation nozzles (A) coat
the plant foliage that is cooled when
the latent heat of vaporization is re-
moved by conduction. Mist nozzles
create finer droplets (B) that cool the
surrounding air through evapora-
tion while some reach the leaf sur-
faces. Fog nozzles are the newest are
create very fine droplets (C), which
stay suspended until they evaporate.
True fog does not create wet surfaces.
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applications of sprinkler irrigation, especially during
seedling emergence when surface soil temperatures
can exceed 112 °F (45 °C) on a warm. sunny day
(Thompson 1984). The temperature at which irriga-
tion for cooling is started gradually increases as seed-
lings become larger (Table 2). Soil color is critical as
dark soils absorb the most solar insolation and sandy
soils absorb more heat than finer-textures clays.

The critical soil temperatures for cooling vary with
seedling age and species. Therefore, species adapted
to cooler and moister climates, such as Douglas-fir
(Pseudotsuga menziesii) and western hemlock (Tsuga
heterophylla), are less tolerant to heat damage than
most pines (McDonald 1984). Some nurseries use air

Table 2 - Generalized calendar guidelines for determining
when to irrigate to cool surface soils during seedling emer-
gence (Duryea and Landis 1984).

Not to Exceed

Calendar Date Soil Temperatures

Prior to July 1 90 °F (32 °C)

July 1 to August 1 95 °F (35°C)

After August 1 100 °F (38 °C)

Smaller drops
evaporate in the
air lowering

air temperature —
Cooling by
convection

Larger drops

hit and cool

leaf surface as
they evaporate —
Cooling by
conduction

Irrigation

é 4 o, 0 .

Misting
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Figure 5 - Irrigation booms can be fitted with special nozzles
that allow growers to change from standard irrigation to
misting.

temperature to monitor when to water cool young
seedlings but there is no substitute for actually
measuring surface soil temperatures. Wind increases
evaporation and reduces sprinkler efficiency so the US
Forest Service JH Stone nursery in Medford irrigated
for 30 min when wind speed was 6 mph and below but
increased to 45 to 60 min when wind speed was higher
(Morby 1982). In Southern nurseries, watering during
the heat of the day can reduce surface soil temperatures
by as much as 20 °F (11.1 °C) and the ambient air tem-
perature may drop 10 to 15 °F (5.6 to 8.3 °C) or more,
depending on humidity levels (May 1984). Sprinkler
irrigation of pine seedlings in North Dakota reduced
surface soil temperatures from 120 °F to 100 °F (48.8 to
37.8 °C) after 30 min of watering and this temperature
reduction lasted for 4 hours or more (Figure 1C).

3.2 Container nurseries

Greenhouses and other enclosed structures offer a
couple of more options for cooling crops with water:
misting and fog. Misting requires a different type of
nozzle than standard irrigation and fog requires a
special high-pressure system. Boom irrigation offers a
unique opportunity to manually switch from standard
irrigation to misting using special rotating heads (Fig-
ure 5). In addition, the speed of irrigation booms can
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be increased to just wet plant foliage without saturating
the growing medium.

Misting. Mist nozzles is the older technology that runs
on standard irrigation water pressure of 20 to 100 psi
(2 to 7 bars) but uses smaller nozzle orifices to generate
smaller droplets (Figure 4). Misting is primarily used
to cool the air and crops in propagation structures but
also helps keep humidity high, which reduces transpi-
rational water loss (Stanley 2011). Misting is ideally
suited for keeping seeds “moist, but not wet” during
germination and cooling surface temperatures during
emergence. It can also be used, however, to cool the
greenhouse environment on hot, sunny days. Be aware
that many so-called fog systems from hardware stores
or irrigation suppliers produce droplets larger than 50
microns so these are technically mist sytems (Bartok
2003).

Fog. Fog can be defined as water droplets around 10
micron (um) in diameter which, as a frame of reference is
about 1/10th the diameter of a human hair (Figure 4). Fog
systems use very pressure water (1,000 psi = 70 bars)

to generate these fine droplets and specialized piping
and nozzles are required. Because they use relatively
little water (5 gph = 18.9 Iph), water requirements are
minimal. Greenhouses have been cooled as much as 27
°F (15 °C) by well-designed fogging systems (Stanley
2011). Although it can reduce plant water use, fogging
is not intended to provide significant water for irriga-
tion purposes and, because it doesn’t wet plant foliage,
the disease potential is less. Fog systems are typically
used in greenhouses with natural ventilation systems
and especially for propagating cuttings. When com-
pared to wet wall and fan systems, properly designed
fog systems produces more uniform cooling through-
out the growing area (Both 2007). Fog systems are best
managed through computerized environmental control
systems that can continually monitor temperature and
relative humidity and calculate vapor pressure deficits
(Bartok 2003). Fogging requires water of the highest
quality to keep the very small nozzle orifices from plug-
ging with salt deposits.

4. Summary

Excessive heat can be a problem in both bareroot and
container nurseries, although fully controlled green-
houses have more cooling options. Although stem
injuries to succulent young seedlings is the most visible
type of injury, prolonged hot spells induce severe mois-
ture deficits that can be reflected in reduced growth



Forest Nursery Notes

rates. Growers should capitalize on the high latent heat
of evaporation of water and cool their crops through
irrigation, misting, or fog. Research has shown that

the beneficial effects of irrigation can last many hours
after the water has been turned off. The need for water
cooling should be determined by routinely monitor-
ing temperatures in the seedbed or at crop level in the
greenhouse, especially during the critical periods of
seed germination and seedling emergence.
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Climatic change and assisted migration: Strategic
options for forest and conservation nurseries

by Mary I. Williams and R. Kasten Dumroese

In light of current studies (for example, Gray and
Hamann 2012; Zhu and others 2012) that show climate
will change faster than plants can adapt or migrate
naturally, it begs the question, “What does this mean
for forestry, specifically forest and conservation nurs-
eries?” Growing trees that just survive may become
more important than promoting fast growth rates for
superior genetics (Hebda 2008). In a recent survey of
state and commercial nurseries in the US, most state
nurseries have not explored how changes in climate will
impact their abilities to select, produce, and provide
trees that are suitable to projected climatic conditions
(Tepe and Meretsky 2011).

Although we focus more on trees and refor-
estation in this article, the discussion and
concepts we present are applicable to all na-
tive plants — trees, because of their long-lived
status, pose special circumstances for assisted
migration.

Land managers are being advised to acknowledge
climate change predictions in their reforestation plans,
but uncertainty about predictions, current client de-
mands, and existence of current plant transfer guide-
lines constraint active measures (Tepe and Meretsky
2011). The practice of restricting native plant move-
ment to environments similar to their source has a long
history in forest management (Langlet 1971), however,
transfers must now factor in climate change because
plant materials guided by current guidelines and zones
will likely face unfavorable growing conditions by the
end of this century. Seed transfer guidelines and zones
are used to determine the safest distance that a popula-
tion can be moved to avoid maladaptation (Johnson
and others 2004). To facilitate adaptation and migra-
tion, we will need to modify transfer guidelines in the
direction of climatic change - to suit target tree species
and populations. This is going to require more infor-
mation than we currently have, but now is the time to
address the issue.
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So where do we go from here?

Adaptive strategies such as assisted migration are an
option for some tree populations. From a forestry per-
spective, we have been properly moving trees for a long
time, by using seed transfer guidelines. Assisted mi-
gration takes this one step further; it is the movement
of species and populations to facilitate natural range
expansion in a direct management response to climate
change (Vitt and others 2010). This does not necessarily
mean moving plants far distances, but rather helping
genotypes, seed sources, and tree populations move
with suitable climatic conditions to avoid maladapta-
tion (Williams and Dumroese 2013). We can avoid the
inclination to use foreign plant materials just because
they grow well (Hebda 2008), we are not at that point
yet. Evaluating species that might naturally migrate is
an option. For example, in Canada, Alberta anticipates
that future climatic conditions might be suitable for
growing ponderosa pine (Pinus ponderosa) and Doug-
las-fir (Pseudotsuga menziesii) that currently grow near
the province but are now absent in the province (Pedlar
and others 2011).

Movement of populations to sites that are climatically
suitable for growth and productivity at some point

in the future is a challenging component of assisted
migration (Pedlar and others 2011; Potter and Har-
grove 2012). For a species or population, this may
entail moving seed across seed-zone boundaries or
beyond transfer guidelines (Ledig and Kitzmiller 1992).
Methods using transfer functions and provenance data
have been developed to guide seed movement under
climate change (for example, Beaulieu and Rainville
2005). Online tools are available to assist forest manag-
ers and researchers in making decisions about match-
ing seedlots with outplanting sites and seed transfer.
The Seedlot Selection Tool (Howe and others 2009) is

a mapping tool that matches seedlots with outplanting
sites based on current or future climates for tree species
such as Douglas-fir and ponderosa pine and Seedwhere
(McKenney and others 1999) can map out potential
seed collection or outplanting sites based on climatic
similarity of chosen sites to a region of interest. Prelim-
inary work in Canada on most commercial tree species
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demonstrates that target migration distances would

be short, occurring within current ranges (O’Neill and
others 2008; Gray and others 2011). For some tree spe-
cies, target migration distances are < 125 miles north
or < 328 ft up in elevation during the next 20 to 50 y
(Beaulieu and Rainville 2005; O’Neill and others 2008;
Gray and Hamann 2012; Pedlar and others 2012).

Whilst having to fulfill client demands in current forestry
plans and efforts, it will be difficult for nurseries to plan
for future demands. With some collaboration, however,
we can shift the focus to producing plant materials that
grow and survive by modifying past and current projects
and implementing studies and strategies. Many existing
projects, such as provenance and common garden stud-
ies can be transformed with little modification to look at
adaptation and response to climatic conditions (Matyas
1994). Information such as where the plant comes from,
where it is planted on the site, and how it performs
(growth, survival, reproduction, and so on) can guide
nursery practices to increase the proportion of species
that survive and grow well (McKay and others 2005;
Millar and others 2007; Hebda 2008). Nurseries can
work with geneticists to explore genotypes that may be
resilient to temperature and moisture extremes. The tar-
get plant concept (Landis et al. 2010), culturing of stock
types for specific outplanting goals and objectives, can be
employed to identify and propagate plant materials from
hot and dry extremes of a species range. Using disturbed
areas as outplanting sites to test assisted migration is

a perfect opportunity to also evaluate genotypes, seed
mix diversity, and age classes (Spittlehouse and Stewart
2003; Millar and others 2007; Jones and Monaco 2009),
although this may mean that nurseries carry tree species
that may not be presently native to the outplanting site.

Assisted migration may not be appropriate for every
species or population. Establishment of healthy stands
is vital now to prepare forests before major changes oc-
cur. Further, there is little point in planting the standard
species or stocks in regions highly sensitive to climate
change (Hebda 2008). Reductions in fire frequency
from 100 to 300 y to 30y, for example, have the poten-
tial to quickly shift some forest systems to woodlands
and grasslands (Westerling and others 2011), thereby
negating the objective to plant trees and instead shifting
the focus on other plant species to establish. By 2100,
an estimated 55% of landscapes in western US may
exhibit climates that are incompatible with vegetation
ecosystems occurring there today (Rehfeldt and others
2006).
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Because the frameworks and techniques for production
and outplanting already exist, forest nurseries can work
with researchers and practitioners to start the ball roll-
ing and hopefully curtail significant social, economic,
and ecological losses associated with impacts from a
rapidly change climate. Changing policies will require
collaboration and discussion of how predicted condi-
tions will affect forests, how nurseries can plan for the
future, and how clients can be encouraged to plant trees
adapted to future conditions, such as warmer condi-
tions and variable precipitation patterns (Tepe and
Meretsky 2011). Fortunately, many state nurseries, es-
pecially in the eastern half of the US, already carry tree
species and seed sources collected from sites further
south (often beyond state borders) than the anticipated
outplanting sites, suggesting that plant materials being
planted now may be adapted to warmer conditions.

Whatever the chosen adaptive strategies, forest and
conservation nurseries need to be included in the
dialogue for climate change planning. The science and
practice of growing trees and other native plants to
sustain ecosystems will greatly benefit by increased
collaboration between practitioners and researchers
(McKay and others 2005). A challenge will be deter-
mining when demand for these climate-adapted/as-
sisted migration candidates will occur (Hebda 2008),
but nurseries and researchers can prepare for potential
demand by broadening their capacity, increasing exper-
tise, and experiment with different genotypes and seed
sources.
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Editorial: The Difference Between a Job and

a Profession

by Thomas D. Landis

Growing up, my mom and dad continually stressed
the importance of education and I still remember my
dad explaining to me the difference between a job and
a profession. I've been thinking a lot about this since I
retired almost 10 years ago. Some people are surprised
that I still want to work, and have made comments
like: “Oh, so you failed retirement”. My response is
that you can retire from a job, but you don’t want to
retire from a profession.

I went to the internet to clarify the distinction between
a job and a profession, and here’s what I found
(Wikianswers 2013):

Job stands for “just over broke” thus requiring
minimal education and one with little to no ex-
perience will suffice to get the job done. One
can easily be replaced at a job.

Profession is a commitment to a higher level of
education where one must attend and acquire
skilled training. A profession requires critical
thinking skills. The ability to master technique
and a desire expand one’s knowledge. Usually
a profession has a distinct body of knowledge
specific to that profession. A profession should
be rewarding to self and those served by the
profession. A profession should provide the
professional with adequate means of compen-
sation. Finally, a profession should be one that
the individual continues to desire to return to
day after day without dread.

Okay, so much for the clinical definitions. Here are my
thoughts about what it means to be a professional:

Taking pride in your work. Here’s where I disagree
with the traditional distinction: I believe that it doesn’t
take a college degree to be a professional. Around nurs-
eries, I have seen many professionals at work and many
of them don’t have a college education. These folks love
what they are doing and are doing it for more than just
the salary. Nursery work involves constant problem
solving and I have been amazed at the skill, innovation,
and dedication that our crews exhibit every day.
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Providing a Service. In a profession, you want to
provide a valuable service and give something back to
your community. Nursery folks know that what they
are doing is a public service, and that reforestation and
restoration are good for the earth. They know that what
they are doing is making a difference.

Exhibiting Creativity. Unfortunately, I don’t have any
artistic talent but my work give me the chance to prac-
tice creative thinking. It's very satisfying to solve prob-
lems in nurseries, and there’s nothing more rewarding
than walking through nursery beds or a greenhouse
and experiencing the beauty of healthy, growing plants.
You can’t fake it in nurseries - either your stock is green
or healthy, or it’s not.

Well, as many of you know, I like to search for the humor
in any situation so let’s close with these cartoons.
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“It’s good to know about trees. Just remember nobody ever
made any big money knowing about trees.”

WOW! YOU HAVE THREE
MASTERS DEGREES AND
A PHD!

www.dilbert.com scottadams@aol.com

YES,IT'S ALL VERY
IMPRESSIVE, BUT
INTERESTINGLY,I
HAVE NO COMMON
SENSE WHATSOEVER.

2/a7(03 ©2003 United Feature Syndicate, Inc.

THAT'S NOT THE SORT
OF THING YOU SHOULD
SAY DURING A JOB
INTERVIEW.

| I DON'T SEE
WHY NOT.
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Vegetative Propagation
and Tissue Culture

Weed Control
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US and International

Kas Dumroese

USDA Forest Service

1221 S. Main Street

Moscow, ID 83843

TEL: 208.883.2324 « FAX: 208.883.2318
E-Mail: kdumroese@fs.fed.us

o Technical Assistance about Forest,
Conservation, and Native Plant
Nurseries

« Tree Planters’ Notes

» Proceedings of Nursery Meetings

Western US

Diane L. Haase

USDA Forest Service

PO Box 3623

Portland, OR 97208

TEL: 503.808.2349 « FAX: 503.808.2339
E-Mail: dlhaase@fs.fed.us

« Technical Assistance about Tree
Improvement and Genetic
Resources

 Technical Assistance about Forest
and Conservation Nurseries

Southeastern US and
International

George Hernandez

USDA Forest Service

1720 Peachtree Road NW

Atlanta, GA 30367

TEL: 404.347.3554 « FAX: 404.347.2776
E-Mail: ghernandez@fs.fed.us

» Technical Assistance about Tree
and Shrub Seed

US and International

Bob Karrfalt

National Seed Laboratory

5675 Riggins Mill Road

Dry Branch, GA 3 1020

TEL: 478.751.4134 « FAX: 478.751.4135
E-Mail: rkarrfalt@fs.fed.us

 Technical Assistance about
Tree Improvement and Genetic
Resources

o Technical Assistance about Forest,
Conservation, and Native Plant
Nurseries

Northeastern US and
International

Ron Overton

Regeneration Specialist

USDA Forest Service

Purdue University

715 West State Street

West Lafayette, IN 47907

TEL: 765.496.6417 « FAX: 765.494.9461
E-Mail: roverton@fs.fed.us

o Technical Assistance to Native
Americans regarding Nurseries,
Reforestation, and Restoration

« Proceedings of Nursery Meetings

US and International

Jeremy Pinto

USDA Forest Service

1221 S. Main Street

Moscow, ID 83843

TEL: 208.883.2352 « FAX: 208.883.2318
E-Mail: jpinto@fs.fed.us
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Literature Order and Mailing List Update Form
Summer 2013

Please fill out a separate order form for each person receiving FNN.
For items that require a copyright fee, you will receive the title page with abstract and
ordering instructions if you want the entire article. Fax or mail this form to:

Forest Nursery Notes
J.H. Stone Nursery
2606 Old Stage Rd.

Central Point, OR 97502
FAX: 541.858.6110
E-mail: rewatson@fs.fed.us

NAMEI..ooii POSItION:. ..ot

Department:..............oooiiiiiiiiiii Nursery or COmMPANY: ..........cuuiiiieeeeieeeiiiiiiiiiiiiieeeeeeeaeeens
Mailing AdAIeSS:. ... ...oiiiiiiii e
SEEEET AAI@SS:.....oi it
L0318 State or Province:.............ccoooooiiiiiiii
COUNLIY: oo Zip or Postal Code: .............ooooiiiiiiii
Telephone:..........cccocooiiiiiiiii FA X

E-mail: ..o WeDSIte: .. .ot

= Yes, please send me a CD with all the articles in the New Nursery Literature Section

= Yes, please keep me listed on the FNN mailing list.
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