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A. Why is it important to monitor irrigation practices in tree nurseries?
Almost every plant process is affected directly, or indirectly, by water supply.
This is largely because higher plants, like other living creatures, have
evolved with biochemical systems that operate in an aquaeous medium.
Consequently, biological function is completely dependent on water, and the
properties of life are often directly a result of the properties of water. Water
makes up 80 to 90 percent of the fresh weight of many plants (Leopold and Kriedman,
1975). Within certain limits the metabolic activity of cells and plants is
closely related to their water content. This relationship is illustrated in
Figure 1, which shows the correlation between water content and respiration in a
rye seed. Plant growth rates and photosynthesis are closely tied to water
availability in the plant. Well, there's no use belaboring the point. We all
know water is important as a structural and chemical component of plants, and we
know that plants must be well-watered to grow and develop like we want them to.
The absorption of water is not an independent process, but is related to,
and largely controlled by, the rate of water loss by transpiration, at least when
water is readily available to the roots (Kramer, 1969). Absorption and
transpiration are linked by the continuous water columns in the xylem system of
plants. The rate of water movement through this system is controlled by the
slowest process, that is, the stage at which the greatest resistance to water
movement occurs. Transpiration lowers water potential (increases negative
tension) at the evaporative sites in leaves and this effect is immediately
translated to the root system via the plant's vascular system. If all plant
processes are to proceed uninhibited, the demand for water must be satisfied
continuously. Figure 2 illustrates how transpiration can generate a gradient in
water potential that is followed by water uptake within the root system. Soil water
potential drops exponentially with decreases in soil water content, as shown in
Figure 3, so that transpirational pull becomes decreasingly effective in satisfying
the plant's water requirements. The relationship between moisture tension, or water
potentials, in different parts of the system are shown in Figure 4. This classic
diagram by Slatyer illustrates what happens in terms of negative bars of tension
as a plant and soil dry-out over a period of days. Scientists tell us that,
before any visual symptom of moisture stress is apparent, many physiological
reactions have already occurred within the plant (Leopold, op cit., p421). Well,
again, we have all been exposed to some water relations theory. It is probably
enough to say that water availability is extremely important to plants. Consequently, we need to know how much internal stress exists in the plant, or, as a
second choice, what the soil water content or tension is, so we can decide when to
irrigate. This is what we mean when discussing irrigation monitoring practices;
what indicators and guides do we use when deciding when to irrigate?
There are a couple of other points to make before leaving this subject. First,
water affects the nutrition of plants in a number of ways. In most plants a
suitable level of nutrient availability to plants expedites the use of
available water (Hausenbuiller, 1972). So proper plant nutrition will not only
yield benefits by supplying proper elements to the plant that facilitate growth
and development, but also will provide better use of applied water.

Secondly, the water shortages this past summer vividly showed that
unlimited water is no longer available to many tree nurseries. I believe I
mentioned this problem last year when we discussed the western nursery
situation at Manhattan, Kansas (McDonald, 1977). Tourney and Korstian
observed, even in the 1930's, that tree nurserymen habitually over-water
their seedlings (Tourney and Korstian, 1942). Certainly, in the past, most
of us could say "why not?". With plentiful water, well drained soils, cheap
fertilizer, and all the negative things that happen to seedlings if they dry
out, why not be super-safe and use more than enough water? Well, as you
know, a couple of things have changed. Fertilizer is more expensive. Can
we afford to flush fertilizer down the drain
with excess irrigation now? Do we have the extra water to waste? Finally,
moves are underway to more closely monitor the pollution of streams and
aquifers by agricultural pursuits (Blackman et al., 1977). Because most tree
nurseries experience some overland flow off the place during irrigation and
storms, as well as the usual sub-surface flows, our tree nursery operations
will, undoubtedly, be scrutinized from the non-point pollution our irrigation
practices.
So, for several reasons, it is important to monitor irrigation on tree
nurseries. First, and foremost, to assure the physiological well-being
of the crop, and, secondly, to avoid water and fertilizer waste and pollution.
With this perspective on the subject, let's see what western tree nurserymen are
doing regarding irrigation control.
B. How are western tree nurserymen monitoring seedling irrigation?
Data Collection - Over the past couple of years, I have visited most of
the tree nurseries in the west, so I had a vague idea of what was being
done along these lines. Last winter, however, I began some graduate
training at Colorado State University. One of the courses, concerning
tree ecophysiology, included considerable emphasis on plant-water relations as
well as a requirement for a term paper. It seemed like a good opportunity to
examine, in a little detail, how western tree nurserymen are monitoring
irrigation. Dr. Pat Reid, the course instructor, agreed to the idea.
Consequently, I developed a questionnaire on the subject
that covered both bare-root and container nurseries and mailed it to thirty eight tree nurseries in the west. I would guess there are about 100 tree
nurseries in the west, at present, based on a tabulation of 88 in 1975, and a
high rate of growth (McDonald, 1977, op cit). If this is true, the mailing
covered about forty percent of the industry. I received about thirty responses,
so the sampling intensity is around thirty percent, I would like to take a
minute here to thank all those who took the trouble to fill out the
questionnaire and mail it back. I hope you find the results interesting.
The profiles of responding nurseries are provided iii figures 5 and 6. Figure
5 shows the ownership categories of the nurseries and the average size, in
terms of annual production. Figure 6 provides the general size ranges the
nurseries are in. Most of the bare-root nurseries are in the 2 and 10
million tree annual production range, Most container nurseries produce
less than 500,000 trees per year.

The questionnaire included a number of questions about methods and
guidelines used in irrigation monitoring at these nurseries. These
questions were separated into portions for base-root seedling culture and
containerized seedling culture. Question categories were included for the
most common methods of irrigation monitoring in each case. I won't go into
more detail about the questionnaire here because of time constraints. A
blank copy is included in the appendix of this paper and will be in the
proceedings.
Results and Analysis - As I said earlier, the data collected was divided
into bare-root and containerized portions. Within each of these the data was
broken down by "methods" and "guides or rules" sections. "Methods" refers to
how the monitoring is physically done, "guides" refers to how observations are
interpreted. Let's discuss the bare-root data first. Figure 7 shows the
principle methods used and their relative frequency of use in the sampled
nurseries. Note that 15 nurseries (40 percent) reported they based judgement
about irrigation needs on visual and tactile observations. In a few cases,
there was reference to looking at the plants, but primarily the dampness of the
soil was what was observed. As far
as guides or rules go regarding this method, two-thirds (66%) of the nurserymen
said they observed "general soil dampness", a quarter (25%) said it was time to
irrigate when a cohesive "ball of soil" could no longer be formed in the hand,
and about 10 percent said if they did not see dampness on the soil surface in the
early morning they irrigated.
Five (14%) of the bare-root nurseries employ a "pressure bomb," or, more
precisely, a "pressure equilibration device." I think most of you are
familiar with this method. For those of you who aren't, a needle, leaf,
or shoot is sealed in a pressure chamber with the cut surface protruding, as
shown in Figure 8. Pressure is applied to the shoot until xylem'sap appears at
the cut surface. The pressure required to force water from the leaf cells into
the xylem is regarded as equal to the water potential of the leaf cells. There
was some variation in the responses regarding guides for using the pressure
bomb. A couple of nurserymen said they began to irrigate at around -15
atmospheres tension and a couple at -5 atmospheres tension. What's the right
answer? Well, it could be either one. With a pressure bomb the internal water
stress of the plant is being measured. This varies during the day because of the
normal lag of absorbtion behind transpiration. This variation is illustrated in
Figure 9 (Evans and Reid, 1976). For conifer seedlings a general rule might be
a maximum of -12 to -14 bars or atmospheres (1 atmosphere = .987 bars) if taken
about noon. Pre-dawn is the best time to take xylem pressure potential
readings, but there's little hope anyone in this group will do that! Also, such
readings on very hot, sunny days or very cold, wet ones will not correlate well with
trends established on average days. The rules used at any tree nursery regarding
xylem potential maxima should be appropriate for the species being grown and your
growth and development objectives. Many plant processes are affected by even mild
water stresses, with cell growth the most sensitive (Hsaio et al., 1976). The
question really becomes how minimal you can really deep internal plant tension
and still be operationally practical, avoid disease and drainage problems, and
fertilizer waste?
Returning to the monitoring methods used, four (11%) of the nurseries
used tensiometers. Direct field measurements of the matric, or capillary,

potential of a soil can only be made with tensiometers. Figure 10 is
a diagram of a tensiometer. They consist of a porous cup filled with water
which is buried in the soil and connected to a manometer or vacuum gauge. The
guage registers the pressure drop on the water in the porous cup which is in
equilibrium with the matric potential of the water in the soil. It works well
in wet soils, but when matric potential drops to -0.8 bar, air begins to enter
the porous cup and the tensiometer becomes useless. The negative pressure units
read from the tensiometer can be calibrated for a given soil for easy conversion
to percentage water content. The instrument is quite useful for measuring soil
water potentials where most rapid plant growth occurs.
Four (11%) of the questioned nurserymen relied on an irrigation time
schedule based on experience at their nursery and with the species they grow.
Three nurserymen (8%) gravimetrically ascertained the soil moisture content
from time to time. This is the standard method used to calibrate some of the
other methods. It's well to remember soil water content can be deceiving. The
important thing is how hard the trees have to work to get water out of the
soil. For soil moisture content to be meaningful,
it must be related to soil matric potential. Gravimetric samples are weighed,
then dried in an oven at about 105°C until the weight becomes constant. The
weight difference is considered water. Three (8%) of the nurseries employed some
type of water budgeting method (consumptive use). Only one nursery (3%) used
electrical resistance blocks. The water content of these blocks changes with
soil moisture content. The blocks are made of some porous material like gypsum,
plaster of paris, or fiberglass. The electrical resistance to conductivity
between two electrodes, buried in these blocks varies with the amount of water.
The readings on the resistance bridge connected to these electrodes can be
converted to an index of soil moisture content. Using these blocks presents some
problems if there is much salt in the soil, or with temperature-induced changes
in resistance when temperature changes. Figure 11 is a diagram of a resistance
block. Finally, there was one fellow, probably the only honest one of the bunch,
that said, although he observed the state of soil moisture, he mostly decided when to
water by "flying by the seat of his pants". Like him, about half the nurserymen
relied on two or more methods of moisture monitoring, as shown in Figure 12. A
few used a second method periodically to calibrate their primary method. Of
those who used only one method, the prime method was visual and tactile
examination.
Since soil texture is important in irrigation, I also asked what type
of soil texture the nurseries had. Figure 13 provides this information. As
you would expect, most of the nurseries are on well-drained loams. Those on
the heavier soils tend to be hardwood nurseries.
What about the nurseries growing containerized trees? Figure 14 shows
the application of various irrigation monitoring methods at those responding to the
questionnaire. Far and away the most frequently used method was visual and
tactile examination of the medium in the container. The second most popular
method was weighing the container to see how much the weight had decreased from a
field or "container" capacity. If this weight had decreased more than a certain
amount the containers are watered. This is a good method to prevent containers
from drying out, especially when the trees are small. The pressure bomb was used
some, but, of course, its use was limited to situations where there was enough
foliage for sampling.

Other methods such as irrigating on a routine schedule or "observing" the
plants were used only in a couple of instances.
Only one-third of the container nurserymen correlated two or more monitoring
methods. About half altered guidelines or methods as the crop grew in size.
Eighty percent of those contacted were using a 1:1 peatvermiculite mixture as a
growing medium. The rest were using mixtures of these components in similar
blend.
Responses regarding rules or guidelines for irrigating were somewhat muddled as
were bare-root responses on the same subject. Most decisions to irrigate
involving visual and tactile observations were based on some subjective
determination of the degree of dryness of the growing medium. A few hardwood
nurserymen looked for wilt. Most using the weighing method irrigated when the
weight of the moisture in the container decreases 10 to 31 percent. Those using
the pressure bomb began irrigation at -12 to -20 atmospheres tension.
C. Is what's being done good enough?
However western tree nurserymen are monitoring irrigation requirements,
what is being done works. This is evidenced by the production of around 300,000,000
tree seedlings each year in the west. The real question about these irrigation
procedures is: are the methods and guides as good as they should be? Are we
wasting water and fertilizer? Are we growing the best possible trees? Well, from
this angle there's always room for improvement, so let's talk about what's being
done and what might be done, in general terms.
As you see in the data, visual and tactile subjective observations and
interpretations of soil or growing medium moisture conditions are,
by a large margin, the most commonly used monitoring methods. I think this is
just as it should be. There's no substitute for personal observation and
judgement, based on experience, in nursery operations. The problems with the
visual and tactile approach are easy to isolate, however:
1. Their Subjective Nature - Since the observations are not based
on the indications -6-f a quantifiable mechanical or chemical procedure, there is
always the problem of personal bias. This only means that no two people see
things exactly alike. What may seem moist to one may seem dry to another. How
precise can such observations be? One rule of thumb, put forth by some soil
physicists, goes like this: "When the water in the soil glistens, the soil is
wetter than field capacity. When it is possible to mold a ball of soil, it has a
soil moisture tension of less than one (1) atmosphere. When the soil has a light
color it is drier than the hygroscopic point. At the wilting point, the soil is
crumbly, feels slightly moist, and has a dark color (though somewhat lighter
than at one atmosphere tension)" (Kohnke, 1968). Another, more detailed version
of this is provided in Figure 15. Anyway, the old idea of irrigation when you
can no longer mold a ball of soil is not too bad, but it will certainly vary
from soil to soil. Certainly it would be a good idea to calibrate your eye with
some gravimetric samples or, better yet, a tensiometer. If you land on a strange
nursery, you should do this at the start. For the container nurseryman, the
first problem is getting to the part of the medium he wants to look at. Some
containers can be opened, but most can't.

Goodwin and Tinus recommend keeping the growing medium at, or near, field
capacity (about -.3 bars) (Goodwin, 1975. Tinus, 1970). If water can't be
squeezed-out of the mix, water. These guides are easy to say, but hard to do
in practice. The idea is to keep the medium really moist without inhibiting
sufficient aeration. The weighing method, discussed a little later, helps
solve the problem, and supplements the educated eyeball and finger method.
2. Who does the visual-tactile check - The other major problem
with the widely employed visual-tactile method concerns who does the checking? It's
no secret that, in many cases, the nurseryman seldom gets to the field to do this
checking, because of the press of other work. Is the fellow at your nursery who
does it routinely really experienced, observant, and alert enough to methodically
make the needed visual and tactile checks without supervision? For those of you
who answer this question negatively, please wait till the end of this talk before
leaving for home. If you answer yes, what are you going to do when you lose old
reliable?
I've brought these points up to indicate a couple of the weaknesses of the visualtactile method. It has some strength too: (1) there's no reliance on mechanical
equipment that can fail or go out or adjustment, and (2) it means a man must go
and look at the soil and the plants, consider the weather, and evaluate the need
for irrigation. Abbott and Fitch reported in the Journal of Forestry last May
that, of 99 nurseries checked nationwide, nearly all determine irrigating
schedules by visual observations of soil dryness (Abbott and Fitch, 1977). Very
few nurseries reported the use of instruments to measure soil moisture. All 99 of
those nurseries produced bare-root seedlings, primarily. In summary regarding the
visual and tactile approach to irrigation monitoring, no one should feel backward
or archaic about using it; it is the standard of the industry. On the other hand,
it is subjective and its precision is limited. Results can vary from person to
person depending on experience and conscientiousness. I think it should always be
accompanied by a mechanical method to (1) calibrate the irrigator's eye, (2)
assure continuity if you lose your expert, and (3) provide a quantifiable
measurement.
A number of nurseries, bare-root and container, are using the pressure
bomb to measure internal plant water tension. Right now, it is probably the
only practical field instrument for doing it. It does have a number of
disadvantages: (1) time of day and the weather when the reading is taken are
important, (2) it requires a careful, skilled operator, and (3) there must be
enough foliage to get a sample. As was shown in Figure 4 earlier,
illustrating the relationship between leaf, root, and soil water potentials,
the leaf potential is variable during the day. The only times it really
levels-out is at night and around noon. At night, or in the early morning,
it is likely to equal the soil water potential.
At noon it is some higher value indicating the peak internal plant stress as
absorbtion lags behind transpiration. At that point it can reach some threshold
level that can serve as a signal to irrigate. What this level is can be debated.
Scholander found sap pressures in a damp forest to range from -4 to -5
atmospheres, a figure that might be used as a startingpoint (Scholander et al.,
1965). My guess, based on discussions with people who should know, would be -12
to -14 atmospheres at mid-day for hare-root seedlings. Figure 16 provides some
data on loblolly pine seedling.. This may mean the data was generated under
more humid conditions than are usual in the wet; similar to greenhouse humidities.
Under such

conditions, it looks like - 8 to -10 atmospheres might be a reasonable threshold.
In any event, I suggest you talk to those with operational experience in conditions
similar to yours. The pressure bomb does give direct readings of internal plane moisture
stress, not inferences about plant stress from soil moisture contents or tensions. One
other note of caution. There is a divergence between xylem pressure potentials,
measured with the pressure bomb, and actual leaf water potentials in some hardwoods, but
the two are generally close in conifers (Kaufman, 1968). In the container nursery, the
pressure bomb should be a particularly valuable tool to prevent the trees from getting
too dry; especially after they are larger and tree weight confounds the weighing
procedure.
The methods of weighing the containers was used by a number of container nurseries and
is a useful and practical method. The practice consists of weighing a container,
seeded and filled with medium, then subtracting that weight from the weight of the
same container with the medium at field capacity. The difference in weight is the
water in the medium. When the wet weight declines to some predetermined percentage
of the wet weight, the crop is irrigated. It is known the medium should be kept near
field capacity.
A curve, for a given growing medium, to describe the relationship between medium.
weight, as related to soil moisture content; and the tension required to pull the
water out, can be developed by a soils lab using the pressure plate and pressure
membrane techniques. The weighing procedure can be simplified by placing a
representative container on a weighing device that electrically turns on the water
when the weight of the container falls below a certain point (White and Shaw, 1966).
Jerry Walters, who is at the Pacific Southwest Station in Hawaii, uses this method.
Of course, as the trees get larger and heavier, the weight method becomes less
accurate. I suggest phasing-in use of the pressure bomb, as the trees get larger.
Tensiometers were in use at a few of the base-root nurseries sampled. To properly use
a tensiometer, you should have a soil moisture desorbtion curve for your nursery's
soils, similar to the ones in Figure 17. These curves can be prepared by a soils lab;
just be sure the sample(s) you send them are representative. The tensiometer is an
excellent measuring instrument for moist soils, but is useful,
as mentioned earlier, to only about -0.8 bars. However, note that in a sandy loom, as
shown in figure 17, the range in soil moisture tension from 0 to -0.8 bars covers about
80 percent of the water available in the soil from 0 to -4 bars. The instrument really
covers the prime irrigating range for nurseries. If you should want to grow drier than
that, it will be necessary to use electrical resistance blocks or gravimetrical
sampling. The resistance blocks are sensitive over a range from -0.5 to -15 bars of
matric potential, so they work best in dry soil. The electrical resistance is easily
calibrated against the available soil moisture content by the gravimetric method and
plotting the resultant curve.
The gravimetric method (weighing, then drying and re-weighing the soil) normally
takes too long for everyday use. It is very useful for calibration of other methods.
Tensiometers and electrical resistance blocks are generally too large to be useful in
forest tree seedling containers.

A couple of nurseries reported they irrigated according to a "time
schedule" or "water budget". The term "water budget" really refers to
calculation of consumption use. This is the water lost to evaporation and
transpiration. This varies with a great number of factors. The use rates for
most agricultural crops have been worked-out, so good consumptive use indexes
exist for most agricultural areas. For tree nurseries I see little opportunity
for practical application of this method. We should he more precise. On the
other hand, a time schedule based on observation and experience can be useful.
It can work reasonably well if coordinated with frequent soil moisture
inspections, but it can be wasteful in cool, cloudy weather. It really is only
a poor substitute for proper observation and instrumentation.
Summary
In summary, for bare-root nurseries, visual and tactile soil moisture monitoring
is hard to beat when coupled with experience, judgment, and conscientiousness.
However, I do think every nursery should employ some kind of quantifiable
method indicating available water in the soil or
plant internal stress. This will aid the irrigator's judgment and calibrate his
eyes and fingers. Tensiometers would be a good choice, or, perhaps electrical
resistance blocks if drier conditions will be encountered. From the data
gathered on the questionnaire, it looks a lot of you are doing something along
these lines.
In the container nurseries, the weighing method is a good choice to
supplement visual and tactile observations while the trees are small.
Later, after the trees are larger, a switch to the pressure bomb would
give the nurseryman considerable peace of mind.
In the questionnaire, I also asked a couple of accessory questions, One
was: Is there a need for better irrigation guidelines? Ninety three (93%)
of the respondents said yes. I also asked if there was a need for better
irrigation monitoring equipment. About eighty percent (80%)
said yes, both in bare-root and in container nurseries. I asked if a short
course or workshop on the subject would be worthwhile. Again, about eightyfive (85%) said yes.
Well, when I got into this subject, I felt I was ignorant about many
of its facets. Now that I have dug into it further, I'm sure of it.
It appears to me the first thing to do is read up on the subject in the
textbooks. A few good ones like Dr. Paul Kramer's book, are listed in the
references of this paper. Probably the next thing to do is use the experts we
have available to us.
Soil physicists and agronomists at the
state universities are usually willing to help. Frank Morby, from Medford,
mentioned in his response that the Bureau of Reclamation may be willing to
help. As far as a workshop goes, its a question expression of interest and
determination of who would sponsor and direct it.
Its been a pleasure talking to you, and, again, I want to thank those of you
who filled out and returned the questionnaire for me.
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