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Part 1: Getting started

Today, the simple act of selecting the best products and practices for your 
golf course can be daunting.  New pesticides, growth regulators, fertilizers, 
amendments and equipment are introduced each year.  These products join 
the already wide selection of products available for use on golf courses.  When 
you layer onto this the unique combination of soils, turf types and climate that 
characterize each golf course, it is difficult to predict how new products and 
practices will perform.  Making responsible and effective choices in this area is 
an important part of the turf manager’s job, but it is an area that grows more 
complex with every new product that is marketed, or each new practice that 
is developed.

To determine which products and management practices work best on your 
own golf course, consider setting up a testing program to supplement the 
more general efficacy data that manufacturers and suppliers should have 
available from independent researchers at universities or private consulting 
groups.  The basic steps of running your own testing program are simple, and 
the rewards are great, giving you added confidence in your selection of prod-
ucts and practices.  Test results can also indicate where changes are neces-
sary to improve turf and playability conditions.  Conducting your own tests 
will also allow you to get more out of technical articles on turf management.   
Another important benefit is that testing provides you with concrete backup 
to support the decisions and management changes you make. Finally, sharing 
your results with other turf managers at meetings, on line Forums, or on PACE 
Turf’s Super Journal helps make the whole industry better.

You’ve got to have an attitude

Before you set up a testing program, perform an attitude check.  If you are 
running a test just to prove that a product will work (or that it will fail), then 
you’ve got an attitude problem – one that may influence your results.  One of 
the basic principles of scientific experimentation is to work to keep an open 
mind. If there isn’t a level of suspense as you approach testing (how will the 
product perform?  Will it be better or worse than what I’m using now?), then 
it’s time to assess your objectivity.  If your level of bias is low, your results are 
more valuable.  Remember, with a proper unbiased attitude, you are perform-
ing tests to compare, evaluate and demonstrate – never to prove.

Your experiment

Each experiment is made up of four components. Each is essential to any test-
ing program.  If you omit any of them, you will find it difficult to determine 
what actually happened, and your time will be wasted.

• Objectives: before the experiment starts, write down the answers to the 
questions, “why is the test being conducted in the first place?  How will the 
information be used?”

• Materials and Methods: before the experiment begins, list the materials to 
be used (products, sprayer, etc.) and the methods that will be used to imple-
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Walking boom sprayers are useful for ap-
plication of fertilizers, pesticides and other 
products to small research plots. See page 
6 for a listing of recommended research 
equipment and sources.
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ment the test (sprayer settings, product rates, evaluation 
methods).

• Observations: once the experiment is underway, begin re-
cording observations for each product or process being 
tested.  Observations can be descriptions of visual charac-
teristics (“excellent”, “good”, “fair” are all visual descrip-
tions), numerical ratings (weights of clippings, electrical 
conductivity readings, etc) or relative ratings (subjective 
performance estimates of quality, such as the 1 – 9 turf 
quality rating system).

• Discussion (summary): once the experiment has been com-
pleted, review your notes and write a discussion, or sum-
mary of your findings, why you think these observations 
occurred, how valid you think the test was, and how the 
information will be used.  How will you incorporate these 
results into your management program?  Are there any 
follow-up tests that might be useful?

An example

A golf course testing program should not be limited to evalu-
ation of products.  You can use on-site testing to solve any 
number of problems that arise during the year.  Let’s run 
through an example and see how the four different compo-
nents of an experimental plan are used to design a non-prod-
uct-related experiment.

Imagine that you are a superintendent who has noticed the 
worrisome symptom illustrated in Figure 1 below: small green 
polka dots of turf, about one-inch in diameter, throughout the 
low, heavily trafficked areas of your bentgrass green, sur-
rounded by chlorotic (yellow) turf. You suspect that your high 
soil salt levels, combined with a recent fall aeration may be 
responsible, since these conditions frequently cause water 
to preferentially channel down the sand-filled aeration holes, 
instead of uniformly flowing through the entire soil profile.  
How would you test the hypothesis that there is no difference 
between the salt content (electrical conductivity) of the aera-
tion hole sand vs. the soil between the aeration holes?

Your experiment might look something like this:

Objective:  Determine whether differences in soil salts (elec-
trical conductivity) are responsible for the differences ob-
served between high quality turf growing in aerification holes 
vs. low quality (chlorotic) turf growing in the surrounding ar-
eas.

Materials and Methods: Three cup-cutter samples will be 
taken from the stressed area where the green polka-dot pat-
tern is most apparent.  A knife will be used to dig out the 
sand under the green polka dots, and the sand will be placed 
into a clean plastic container that has been labeled “HOLES”.  
Similar samples will be collected from between aeration holes 
for comparison and placed in plastic containers labeled “BE-
TWEEN HOLES”.  Water will be added to each sample until it 
is saturated.  A Spectrum Field Scout EC meter will be used to 
measure electrical conductivity (EC), and values will be con-
verted to saturated paste equivalent values using PACE Turf’s 
Monitoring Salinity Reference.

Observations:  The green polka dots of healthy turf occurred 
over aeration holes.  The roots were white and more than an 
inch long.  Under the chlorotic turf, the roots were short and 
discolored.  

The ECs for the sand in the aeration holes (under the green 
turf) were 1.6 dS/m (converted from TDS-4 meter readings).  
This is an acceptable level for a bentgrass green, but the area 
should be monitored to make sure salinity doesn’t get any 
higher.  

For the soil collected from between the aeration holes, how-
ever, the salinity was a whopping 7.8 dS/m!  Since this far 
exceeds the 3 –6 dS/M range that is tolerated by creeping 
bentgrass (see PACE Turf Reference on Monitoring Salinity), 
the source of the yellowing turf is probably high soil salts.

Discussion: The salinity of the new sand in the aeration holes 
is lower than the surrounding older sand.  This indicates that 
water may be preferentially channeling down the aeration 
holes (therefore leaching salts away from these areas) rather 
than percolating uniformly throughout the green.  Because 
the ECs in the chlorotic areas are high, the front of the green 
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Figure 1. Problem area that is under investigation in this exam-
ple.  Note the green polka dot patterns of healthy turf, and the 
damaged surrounding turf.
 

Figure 2. Field Scout EC meter used in experiment. 



should be leached until the soil salinity is dropped to below 
3.0 dS/m in the chlorotic areas in between the aeration holes.  
As a follow up action, continue monitoring ECs in the chlorot-
ic areas to determine whether turf recovery and a reduction 
in EC is linked.  In addition, traffic and compaction are proba-
bly making the problem worse, so golfers should be re-routed, 
using a rope barrier, at least three days per week.

The effects of these management actions will be evaluated 
2 weeks and 4 weeks from now to determine whether they 
helped to improve the situation. 

The power of nothing

An introduction to experimentation wouldn’t be complete 
without stressing the value of nothing.  This is an important 
concept.  For those of you familiar with experimentation, 
“nothing” is the same thing as a non-treated  or control area, 
which is also sometimes called the check.  

Once you have selected an area within a green, tee, fairway 
or rough that you want to apply a new treatment to (for ex-
ample, a fertilizer, pesticide, leaching program, or cultivation 
practice), you will also need to select an adjacent area to 
serve as the non-treated plot.  The non-treated plot should be 
managed exactly the same way as your treated area, with one 
exception.  That is, you should not subject the non-treated 
area to the product or practice that you are evaluating.  

By applying the concept of nothing to your test in this way, 
you will be able to use the non-treated control as a yardstick 
to measure any improvement (or damage) that results from 
the treatment under evaluation.  If you fail to include a non-
treated plot in your test, you really have no way of knowing 
how well the new product or practice is performing.  For this 
reason, you should always be wary of manufacturer’s data 
that doesn’t include a non-treated or check plot.

The location of the non-treated plot is important, because it 
must be similar to the area being treated.  If the non-treated 
area is located incorrectly (for example, if you place the non-
treated area on low quality turf, and the treated area on good 
quality turf), the test will be biased.  Results will be confus-
ing, and you may make erroneous decisions based on your 
observations.

Where plywood is king

A few pieces of plywood, used properly, can save thousands 

of dollars in unneeded pesticide applications.  Do you believe 
this?  Well, you should by the time you reach the end of this 
section.

Combined with our understanding of “the power of nothing” 
described above, plywood is one of the most effective and 
easy ways of creating “instant” non-treated plots.  Let’s say 
you have a fairway showing symptoms of brown patch, and 
you plan to evaluate the performance of a fungicide for its 
control.  To make instant non-treated plots, simply place ply-
wood (4 X 8 feet works well) on top of a few of the diseased 
areas, just before you are ready to begin spraying the test 
fungicide.  

When you treat with the fungicide, the areas covered by the 
plywood will remain untreated.  After the spray has dried, 
mark each of the plywood’s four corners with turf paint. You 
can now remove the plywood, and the turf paint will allow you 
to locate the non-treated areas so that you can make your 
observations.  If you observe the treated and non-treated 
areas daily for several days (recording your observations as 
described below), you should be able to determine whether 
the application improved, decreased, or had no effect on turf 
quality.  If there is no visible difference between the treated 
and non-treated areas, the fungicide probably doesn’t have 
much activity for that particular disease, and you will have 
saved yourself time, effort and expense by avoiding an un-
necessary application.  If, on the other hand, the treated area 
looks better than the non-treated area, then you can treat 
with the confidence that the product will produce the desired 
effects.

Record keeping

Without good record keeping, the effort put 
into a testing program will come to naught, 
because you will have no way of remember-
ing how and why your results were obtained.  

Before starting a testing program, buy several bound com-
position notebooks.  These notebooks are inexpensive, and 
readily available at office supply and even drug stores.  Leave 
a few pages blank at the front of the book to use as a table 
of contents, or index.  Use only ballpoint pens with ink that is 
not water-soluble.  Tape a business card on the inside cover, 
so that the book can be returned if it is misplaced.

Use the book to record your Objectives, Materials and Meth-
ods, Observations and Discussion, as well as any other 
thoughts you have about product performance, the reaction 
of golfers to a management practices, or any difficulty you 
experience handling or applying a material.  Date each en-
try, and take notes carefully and legibly!  Remember -- excess 
information is always better than insufficient information, 
so don’t be stingy with your words.  If you are able to take 
photos, tape them inside your experimental log; these can 
be invaluable in summarizing your results.  If you are a good 
record keeper, you’ll find that your notebooks will hold their 
value for years to come -- in resolving disputes about which 
practice or technique is best, where or how a product was ap-
plied, or the history of a problem area of turf. 
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Part 2: Experimental Design

In this section, we will address some of the nuts and bolts of 
experimental design - how to determine which treatments to 
test, how many treatments to test, and how to lay out the test 
on your golf course.  

Control the urge

A frequent urge when starting out your own testing program 
is to test all of your ideas at once.  However, this strategy fre-
quently leads to more questions than answers - something a 
good experimental design can help you to avoid.  Remember 
that some of the most effective experiments are also some of 
the simplest, where only two treatments are tested -- one new 
product or cultural practice compared against your current 
practice, for example.

To be successful in answering your questions with technically 
sound answers that can be effectively put into practice on 
your golf course, limit the number of treatments to a man-
ageable number (in test plot lingo, a “treatment” is anything 
you want to test the effects of - from a new turf variety, to a 
product rate or formulation, to a new aerification method).  

A good rule of thumb is to limit the number of treatments to 
five or fewer, and not more than 10.  There may be times when 
you will need to exceed these numbers, but be assured you 
will be more confident in your results when fewer treatments 
are evaluated in an experiment.  Time spent culling out un-
necessary treatments before you start your test will be repaid 
many times over.

Break it down

If you have penciled out more than 10 treatments, consider 
breaking the experiment into its logical components.  For ex-
ample, if you are interested in determining the best timing 
and rates of application for fungicides labeled to control sum-
mer patch, you might at first choose to look at three differ-
ent fungicides, each at the low and high labeled rates, and at 
two different application dates - preventative (before disease 
symptoms appear) and curative (after symptoms appear).  
That sounds like a fairly simple experiment, but in fact you 
would end up with 13 treatments!  That would be:

3 (fungicides) X 2 (rates) X 2 (times of application) 

= 12 treatments +1 non-treated control

= 13 treatments.

As you can see, adding extra factors can cause an experiment 
to blossom into a design that will be difficult to execute and 
will produce results that are hard to analyze.  To simplify the 
experiment and to make the results easier to interpret, con-
sider splitting the test up into two or more experiments.

In the example above, the two main factors under investiga-
tion are rate of application and timing of application.  Why not 
look at rates first, by keeping application timing the same for 

all treatments, but varying the rates?  The three fungicides 
could then be tested at the low and high labeled rates, but the 
timing of application would be the same for all fungicides and 
all rates; this would be a seven treatment trial including the 
non-treated control.  A second study could look at the effect 
of different application timings; this time, the rate would be 
kept the same for all treatments.  By breaking the trial down, 
the execution of the trial and evaluation of the data at the 
end of the experiment are easier to handle. 

Over and over: the beauty of replication

Despite our best efforts, the turf on a green or fairway is usu-
ally not homogeneous.  There are differences in microclimate, 
moisture, turf quality and a host of other factors that result in 
variability that is beyond the control of the researcher.  With-
out replication (repeating a treatment in two or more loca-
tions), this type of variability can lead us to draw the wrong 
conclusions from a research trial.  

In order to be sure that the differences observed during an 
experiment are the result of a treatment and not simply due 
to differences in the quality of the turf across the test area, 
each treatment should be repeated, or replicated in at least 
three different areas.  In most cases, three replications should 
be sufficient to separate out the good from the lousy treat-
ments. 

In the experiment below, 10 different poa control products 
were evaluated on a ryegrass fairway that was infested with 
poa.  Each 5 foot X 10 foot rectangular area represents one 
test plot.  Each product was sprayed in four separate plots.  
The plots are arranged in four tiers, with each tier represent-
ing one replicate.

Size it right

We have found that the larger you make your test plots, the 
less likely it is that the whole plot will be destroyed by a mis-
hap.  For example, a hydraulic leak might damage half of the 



plot so that it is no longer usable.  With larger plots however, 
the experiment can continue with the non-hydraulic-fluid-
damaged areas of all plots being rated.  Larger plots also en-
sure that a disease, insect or weed will be found in the test 
area. 

 The smallest plots that we recommend for on-site testing are 
4 ft X 4 ft (16 sq ft), but our usual small plot size is 5 ft X 10 ft 
(50 sq ft).  For most small plot work, this is a convenient size 
for a sprayer that applies a 5 ft swath width.

Split greens or macho plots

If you are not adapted to small plot work or just don’t want to 
bother with specialized research equipment (see below), treat 
one-half or some other portion of a green or fairway using 
your standard equipment for applications.  This is the best 
way to test a system prior to full adoption of a new cultural 
practice or new product.  In this case, replication will probably 
have to take place on three separate greens or fairways due 
to size of the test area.  A typical test would entail splitting 
the green in half and applying a new procedure to one half 
of a green and your standard treatment to the other half of 
the green.  

Randomization, or rolling the dice

Replication (see above) helped us solve some of the problems 
presented by natural variability on turf.  However, we need yet 
another tool - randomization - to attack this problem and to 
avoid bias in our design and results.  The use of a randomized 
design helps us to properly arrange the treatments in the test 
area so that variability is minimized.  Let’s use the example 
of a fertilizer experiment that is placed in an area of the golf 
course where there is a dry spot. How can the test plots be 
arranged to try to factor out the influence of that dry spot on 
the results? 

There are several choices available to us in how we arrange 
the different treatments in each replicate.  Problems can 
arise if the treatments are arranged in the same order in 
each replicate, as shown above.  (assume that treatments 1 
and 2 represent two different fertilizers, and treatment 3 rep-
resents a non-treated check; the dry area  is indicated by the 
shaded yellow area).

Hopefully, you have noticed that treatment 1 is receiving an 
unfair amount of pressure, because the dry spot is concen-
trated in the treatment 1 plots.  Using this design, would you 
be able to tell whether the poor performance of treatment 1 
be due to the negative effects of fertilizer 1, or is it due to the 

our having placed treatment 1 plots where soil conditions are 
dry?  You have no way to find this out, using a non-random-
ized design.

In contrast, treatments can be arranged randomly as in the 
illustration below.  

In this case, the randomization has been done correctly, and 
the negative effect of the dry area is more evenly spread over 
all of the treatments, giving you a fairer look at the perfor-
mance of each treatment.  This illustration represents just 
one way in which these plots could be randomized: can you 
think of any others?

A simple method for randomizing treatments within each rep-
licate is to use a deck of cards.  Remove the numbered cards 
that correspond to each of your treatment numbers (another 
reason to use only 10 treatments!).  Shuffle the cards and lay 
them down to give you a random arrangement of treatment 
numbers -- it’s that simple.  

Avoid “the nursery effect”

An interesting phenomenon that occurs at most golf courses 
is the “nursery effect.”  As a result of lack of traffic, nurseries 
frequently survive without disease and stress damage when 
most of the greens in play are struggling to survive.  Under 
the low-stress conditions seen on most nurseries, products 
and practices usually perform differently than on the rest of 
the course.  For this reason, nursery greens should be avoid-
ed for experiments - unless you are investigating some really 
wild idea that is too risky to try on greens in play.

Measurements

There are many factors that will influence the outcome of 
an experiment and only a few of which you will be able to 
control.  The accuracy and precision with which products and 
practices are applied to the turf is one area where you do 
have some control, and where cutting corners may result in 
wasted time.  The more care taken in precisely making mea-
surements and calibrations, the more likely the results will be 
meaningful and repeatable.

You will have to accurately measure time using a stop watch, 
distance using a tape measure, volumes using graduated 
cylinders, syringes, pipettes, or precision flow meters, and 
weights using balances (scales) that can ideally measure 
within 1, and no more than 5% of the desired unit.  

What does it mean to measure all components with an ac-
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curacy of 1%?  It means, for example, that if you are trying to 
weigh 100 grams of product, the scale that you are using will 
have to have accuracy of 1 g.  A standard triple beam balance 
will provide this level of accuracy for about $150.  

Equipment costs and your time

Your existing equipment is the first place to start when 
building a testing program.  However, if you are interested 
in small plot applications, Table 1 provides a list of suppliers 
and recommended items to assist in your efforts.  Don’t be 
fooled by the relatively low cost of the equipment needed to 
conduct testing programs.  The investment of your time dur-
ing experiment design, execution, observation and summary 
are far more costly than any equipment you might purchase.  
For that reason, a carefully designed experiment is one that 
will provide the greatest benefit at the least cost.  Your golf 
course turf quality will benefit and your budget may drop, but 
be sure that you can afford the time needed to complete an 
experiment before you get started.  And, as a rule of thumb, 
if you think it will take half an hour to calibrate your sprayer, 
allot twice that time.  For some strange and perverted reason, 
experiments always take at least twice as long as you think 
they will when you are sitting at your desk drafting up the 
objectives and materials and methods.

It’s the law

Remember, it is illegal to use any pesticide that is not properly 
labeled, stored, and handled according its label.  This extends 
to the use of labeled products on pests or application to sites 
that are not explicitly listed on the product label.  Check with 
your County Agricultural Commissioner’s office to find out 
what local and regional regulations must be complied with if 
you are testing a non-labeled product, or a non-labeled use of 
that product.  Obtain the proper permits and certificates be-
fore conducting trials with products outside the constraints 
of the product label - it’s the law.  If you are uncertain, it’s best 
to stick to experiments with labeled products.

Part 3: Statistics

Luck.  An uneducated gambler in Las Vegas depends upon it, 
while the more experienced gambler carefully calculates the 
probability that they will win.  Similarly, as a professional and 
as a superintendent, you prefer not to rely on lucky guesses 
when making management decisions on the golf course.  In-
stead, you strive to make sure that your key decisions are 
based on factual information that allows you to accurately 
predict how new products and management practices will 
perform on the golf course.

Item Source Website Approximate 
Price

Walk behind sprayer for small 
plots (motorless, ground driven)

OR
Electric walk behind sprayer

Wheel Spray Corp.,

Rogers Sprayers

www.wheelspray.com

www.rogerssprayers.com

contact manufac-
turer

36” Gandy Sprayer (catalog # 
36H12)

A.M. Leonard www.amleo.com $450

Triple beam balance for small 
quantities

Cole-Parmer
EW-01330-00

www.coleparmer.com $250

Balance for larger quantities Cole-Parmer
EW-10000-05

www.coleparmer.com $240

Graduated cylinder 500 ml (pur-
chase 2)

Cole-Parmer
EW-34546-06

www.coleparmer.com $45 each

Pipettes, 7.5 ml Cole-Parmer
EW-06226-63

www.coleparmer.com $40/500

Pipettes, 1.5 ml Cole-Parmer
EW-06226-37

www.coleparmer.com $35/500

100 foot tape measure Ben Meadows
122104

www.benmeadows.com $26

Stake flags (for marking plots) Ben Meadows
107583

www.benmeadows.com $10/100 flags

Composition notebooks and pens

Digital camera

Table 1. Commonly used equipment in testing of products and practices.



When designed properly, a good testing program helps to 
support you in this effort.  While you can never eliminate the 
possibility of unexpected results, you can surely reduce the 
possibility that you will be unpleasantly surprised by basing 
your decisions on data from a sound testing program.

Statistics: managing the game of chance

When a “fair” coin is tossed into the air, the likelihood that the 
coin lands with the heads facing up is 1/2, or 50%.  This prob-
ability represents the number of heads on the coin (1) divided 
by the total number of sides on the coin (2, heads and tails).  
Probability theory tells us that there is a 50% chance that 
you will win a bet every time the coin is tossed regardless of 
whether you select heads or tails.  Even if five tosses of the 
coin come up tails, the chance that the next toss of the coin 
will be heads is still 50% --  no more and no less than for any 
other toss of a fair coin.

When a field test is conducted, the odds are not so easily cal-
culated as they are for a coin toss.  Why is this?  The answer 
is that the number of variables, or factors than can contrib-
ute to the outcome, are much higher for a field test than for 
a coin toss.  In a field test, the turfgrass variety, turfgrass 
stress, soil type, traffic patterns, weather etc. can have a big 
effect on the performance of products and practices.  In con-
trast, the number of variables contributing to the outcome of 
a coin toss are limited.

Because we cannot use guesswork, probability theory or any 
other system to predict how a product or practice will per-
form, field tests are conducted to give us information that 
can be used to make the best possible predictions and deci-
sions.

Statistics is the tool that allows you, as objectively as pos-
sible, to analyze the information collected from field tests, 
and to predict, with as much confidence as possible, which 
products or practices will give you the best results.  In the 
first two installments of this series, we described how to set 

up field tests, and how to collect the results.  In the reamining 
pages of this guide, we will describe the final steps -- how to 
analyze the results statistically, by calculating the mean, the 
standard deviation, and the confidence interval.  In addition, 
we’ll review methods that will allow you to clearly represent 
the results in the form of line graphs, bar charts and data 
tables, for use in your own records and for presentations to 
greens committees, general managers and others.

A real life example

To give our discussion of statistics some grounding in reality, 
we will use results from a field test conducted by the PACE 
Turf.  The objective of the test was to look at the performance 
of 3 different rates of an experimental fungicide (procymi-
done, Valent Corporation) and to compare it to a standard 
fungicide, iprodione (26GT), as well as no fungicide (the 
non-treated control treatment) for control of dollar spot on 
a creeping bentgrass nursery.  The five different treatments 
tested are listed in Table 2 below.  Each treatment was repli-
cated three times, and treatments were randomized.  Results 
were collected two weeks after the fungicides were applied 
by making a visual estimate of percent turf damage due to 
dollar spot. 

How do we use this data to make a decision on the best prod-
uct and best rate to use for controlling dollar spot?  By cal-
culating the mean, the standard deviation and the confidence 
interval, as described below.

Calculating the mean

The first statistic to calculate is the mean, or average rating 
for each treatment.  The mean is calculated by summing the 
values for each replicate of a given treatment, and then divid-
ing by the number of replicates.  For example, in our dollar 
spot experiment, the mean percent dollar spot in plots treat-
ed with procymidone at 0.5 oz active ingredient/1000 sq ft is 
4.667 (rounded to 4.7 in Table 2):

7

RATE (oz active ingredient/1000 sq ft)

Procymidone Iprodione Non-treated 
control

0.5 1.5 2.5 2.0 ----

% dollar spot (replicate 1) 5 2 2 2 13

% dollar spot (replicate 2) 7 2 1 4 25

% dollar spot (replicate 3) 2 1 1 1 20

TOTAL 14 5 4 7 58

Number of replicates 3 3 3 3 3

Mean (=total/#replicates) 4.7 1.7 1.3 2.3 19.3

Standard deviation (S) 2.5 0.6 0.6 1.5 6.3

Confidence interval
(mean-S) to (mean+S)

2.2 - 7.2 1.4 - 2.0 0.7 - 1.9 0.8 - 3.8 13.0 - 25.6

Table 2. Results of a fungicide trial for control of dollar spot on creeping bentgrass.  
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sum of values (5 + 7 + 2)  number of replicates (3) 

= mean (4.667)

To get the remaining mean values, this process is repeated 
for each treatment, as illustrated in Table 2.  The mean can 
be easily calculated with pencil and paper.  If you are using a 
calculator, the mean may be represented by the symbol  X or 

.  Although the mean is a powerful statistic, when used by 
itself, it can be misleading and can push you towards poor de-
cisions.  This is because the calculation of the mean doesn’t 
take into account the variability of the results.

Variability: a complicating factor

There are many factors beyond our immediate control at 
work on a golf course, such as microclimate, moisture, turf 
quality, pest pressure, etc.  As discussed in Part 2, these fac-
tors exert a powerful force on the way a product or practice 
performs, and how consistently it performs.  The use of rep-
lication (repeating a treatment in more than one location) in 
designing your field test helps to minimize the effects of vari-
ability, but it can’t erase them.  As a result, it is extremely rare 
for a given treatment to produce the same result each time it 
is applied.  In the dollar spot experiment, for example, procy-
midone applied at 0.5 oz active ingredient/1000 square feet 
produced three different disease incidence levels in each of 
three apparently identical plots -- 5%, 7% and 2% (Table 2).

How does variability affect your interpretation of the results?  
Let’s assume that in the dollar spot experiment above, vari-
ability was much lower than what we observed.  In that hy-
pothetical case, the percent dollar spot values for the pro-
cymidone 0.5 oz treatment would be much more similar, for 
example, 4.6%, 4.7% and 4.7%.  The mean for these hypo-
thetical values would be identical to the mean calculated 
above -- 4.667, but the variability would be less.  

Which set of data gives you a greater guarantee that the 
product will perform the same way the next time you apply 
it?  Which data set gives you a greater sense of confidence?  
Statisticians tell us that the data set with the lowest variabili-
ty gives us the best predictions for how products will perform.  
So, even when the means are the same for two data sets, we 
still want to know how variable the data was.

Measuring variability: the standard devia-
tion and the confidence interval

There are a variety of statistics used to measure variability, 
but the most commonly used measure is the standard devia-
tion, frequently represented by the symbol “S” on a hand 
calculator.  A small standard deviation indicates that there is 
less variability associated with the mean, or that the data is 
more consistent than the same mean with a large standard 
deviation.  In the dollar spot example presented in Table 2, 
the highest standard deviation (6.3) occurs in the non-treat-
ed check treatment, and the lowest standard deviation (0.6) 
occurs in two of the procymidone treatments -- the 1.5 oz and 
2.5 oz rates.  

Calculating the standard deviation is more complicated than 
calculating the mean, and we encourage you to purchase a 
calculator (most simple scientific calculators include stan-
dard deviation), or use a spread sheet program, such as Mi-
crosoft Excel, that performs the standard deviation function.

Looking at the means and standard deviations in Table 2, 
which treatment or treatments do you think gave the best 
dollar spot control?  We still have one more calculation to 
perform before we can answer that question -- the confidence 
interval.   The confidence interval is related to the standard 
deviation, and is an easy way to represent the interval, or 
range of values, or degree of variability associated with a 
mean.  The lower end of the interval is calculated by subtract-
ing the standard deviation from the mean, and the higher end 
of the interval is calculated by adding the standard deviation 
to the mean.  Staying with the example of procymidone at 
0.5 oz, the confidence interval for this treatment would range 
from 2.2 (4.7 — 2.5) to 7.2 (4.7 + 2.5).  In other words, we have 
a high level of confidence that the mean or average value 
for this treatment falls between 2.2% and 7.2%; and our best 
estimate for that mean is 4.7%.  

To find out which treatments performed statistically differ-
ently from another, look for the treatments where the range 
of values of the confidence intervals do not overlap.  For ex-
ample, the non-treated check, with confidence limits of 13.0 - 
25.6, is statistically different from all of the other treatments, 
whose confidence intervals never get as high as 13.0.  In con-
trast, procymidone at 1.5 oz and 2.5 oz have overlapping con-
fidence intervals.  This means that, based upon the data from 
this trial, the treatments did not perform differently.

Treatment (rate 
ai/1000 sq ft)

Mean % 
Dollar Spot

Confidence 
Interval

Procymidone 2.5 oz   1.3 a 0.7 - 1.9

Procymidone 1.5 oz   1.7a 1.4 - 2.0

Iprodione 2.0 oz   2.3 ab 0.8 - 3.8

Procymidone 0.5 oz   4.7 b 2.2 - 7.2

Check 0.0 19.3  c 13.0 - 25.6

Once all of your calculations have been completed, make a 
summary table similar to that in Table 3.  This table shows 
a letter following each mean value, something you will fre-
quently encounter when reading scientific papers.  These 
letters are a way of illustrating which confidence intervals 
overlap, and which don’t.  For example, values (such as 1.3%, 
1.7% and 2.3%) followed by the letter “a” have overlapping 
confidence intervals and are therefore not statistically differ-
ent from one another.  In contrast, values that are followed by 

Table 3. Summary of dollar spot control results using tabu-
lar format.  The numbers in the percent Dollar Spot column 
followed by the same letter are not significantly different us-
ing the standard deviation as the confidence interval.  If the 
confidence intervals overlap, it is unlikely that the means are 
different.  By this analysis, the top performing treatments 
can be identified, and are highlighted in blue. 



different letters (“b” or “c” in the case of Table 3), are statisti-
cally different from those followed by “a”s.  

In fact, all of the information required to determine which 
treatments are best, which are worst, and which are the sta-
tistically considered to be the same, is contained in Table 3, 
but it’s difficult for most of us to read tables.  That’s where 
graphs come in.

One picture is worth a thousand words

One of the best approaches towards interpreting results is to 
graph the information.  There are two types of graphs that 
are used to illustrate data collected from field trials such as 
the fungicide trial described above -- the bar chart and the 
line chart. For either type of chart, there are two axes, or 
lines, that define the chart -- the horizontal axis, also called 
the “X” axis, and the vertical axis, also known as the “Y” axis.  
Figure 3 illustrates the results of the dollar spot fungicide ex-
periment presented in a bar chart.  The X axis has no numeri-
cal units, just treatment names.  The Y axis represents the 
mean percent dollar spot values presented in Table 3.  Thus, 

the bar for the non-treated check is the tallest bar, registering 
at 19.3% dollar spot.  The vertical lines extending above and 
below the tops of each bar are called error bars and represent 
the confidence intervals for each treatment mean.  

Using the bar chart in Figure 3, note how quickly you are 
able to determine that all of the fungicide treatments per-
formed better than the non-treated check.  And how clear it 
is that the 2.5 oz procymidone treatment is the best overall 
performer, but is not statistically different from 1.5 oz procy-
midone or 2.0 oz iprodione.  Finally, the 0.5 oz procymidone 
treatment did not perform as well as the other procymidone 
treatments.  

Figure 4.  Line graph illustrating the effect of different procymi-
done rates on dollar spot incidence.

Still using the dollar spot data from Table 3, a line chart can 
also be created, as in Figure 4.  Note that the line drawn be-
tween each of the points allows us to do something we can’t 
do on a bar chart -- to roughly estimate the percent dollar 
spot that might be produced by any rate of procymidone be-
tween 0.0 and 2.5 oz ai/1000 sq ft.  It’s best to use line charts 
when you are graphing continuous variables such as time, or 
as in the case of Figure 4, various rates of the same prod-
uct.  A bar chart, on the other hand, is most useful when you 
are comparing discrete (discontinuous) variables that fall into 
different categories.  For example, the bar chart in Figure 3 
compares the performance of two different products (procy-
midone and iprodione).

We suggest that you always try to graph your data.  You can 
plot the results by hand using graph paper, or you can let a 
spreadsheet program on the computer do it for you, auto-
matically.

Finale

Although this is a cursory look at the scientific process, we 
hope it encourages you to begin, or if you have already start-
ed, to continue testing new ideas.  Remember to take care to 
record your objectives, materials and methods, results, and 
conclusions.  The next time someone asks you why you se-
lected a particular practice or product, you may be able to 
pull a notebook from the shelf and point to a graph illustrat-
ing the advantages of your approach.  Aside from personal 
pride, there is no better way to answer an agronomic prac-
tices question than to run a carefully designed, simple experi-
ment.  Have fun with it!
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Figure 3.  Bar graph of treatment categories and error bars rep-
resenting one standard deviation above and below the mean.  Pro 
refers to procymidone and Ipr represents iprodione.  The numbers 
under Pro and Ipr are the rates applied in oz ai/M.  Note that none 
of the fungicide treatment error bars overlap with the non-treated 
check error bar.
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Standards
Creating effective written

maintenance standards is
easier than you think.

BY TODD LOWE

1 et's face it; golf courses are businesses that
service thousands of customers each year.

mmm Golf course superintendents are given a
budget, equipment, and staff and are asked to
meet or exceed customer expectations. Other
successful businesses have standard operating
procedures and long-range plans to improve daily
operations and customer satisfaction. Likewise,
golf courses should also have a set of "written
maintenance standards that outline the goals and
procedures for day-to-day operations.

Golf course maintenance standards are guide-
lines that detail the manner in which the golf
course is maintained on a daily basis. They are not
instruction manuals for each cultural practice or a
list of job descriptions for employees, although
these can be included. They are, however, formal
documents that outline golf course maintenance
goals and the necessary practices for meeting
these goals.

There are maintenance standards in place on
all golf courses, but most of them are intangible
guidelines, developed and implemented by the
golf course superintendent. From our experience,
only a small percentage of golf courses develop
written maintenance standards with golfer input.
Why do so many golf courses operate without
any tangible guidelines? Perhaps most of us are
apprehensive to step into the unfamiliar, and
unless you have been involved with creating
maintenance standards, it is difficult to know
where to begin.

Creating formal maintenance standards is not a
difficult task, but it can seem intimidating at first.

Aerial photographs can be taken from mobile platforms,
like cherry pickers.This picture helps justify the need for
irrigation upgrades.
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Several articles have been published previously
and are excellent resources to utilize in formulat-
ing maintenance standards.3'4'3 This article com-
bines important aspects of the previous articles
and provides a step-by-step outline of what your
maintenance standards should include, and
addresses how they should be established and
administered. Lastly, this article offers suggestions
on how to establish high standards with minimal
expense.

WHY STANDARDIZE?
One of the most important reasons for creating a
formal set of maintenance standards is to match
golfer expectation levels with maintenance
procedures. An issue that the golf course super-

Input from golfers of
various skill levels is

necessary when
establishing putting
green standards of

smoothness, speed,
and consistency.

the membership. Whether the issues include alter-
ing putting speeds, creating tighter/fluffier fair-
way lies, or planting a forest on the golf course,
there should be some continuity in directives
from year to year. Maintenance standards offer a
safeguard against such occurrences.

Many clubs we visit have limited budgets, and
it is important to allocate funds appropriately to
each area of the golf course. Primary playing
areas should be properly maintained,3 but the
remainder of the golf course requires a certain
level of maintenance, too. A common topic dis-
cussed during many Turf Advisory Service visits is
taking the golf course to the next level, and main-
tenance standards can help determine where this
level is and what it -will take to get there. During

intendent might find important and devote a
large amount of time and money towards may
not be as important to the golfers. Obviously,
there is an inherent hierarchy of golf course
priorities that begins with putting greens, tees,
fairways, and roughs that should not be com-
promised, but there are other areas of the golf
course that require routine maintenance as well.

Another purpose for creating maintenance
standards is to provide continuity in management
goals from year to year. We often find golf clubs
with new green committees that have preferences
or agendas that do not necessarily mirror those of

economically tight periods, these documents are
helpful for deciding where budget cuts can be
made, while maintaining acceptable quality.6

Time/motion studies are an essential component
of maintenance standards and can be calculated to
track staffing needs and expenses for each part of
the course. With these studies, it is easy to see
where appropriate cuts can be made — if the
need arises.

WHO SETS THE STANDARDS?
Representatives of the membership and the golf
course superintendent should be responsible for
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Long-range
improvement plans
are often necessary
to achieve appropriate
golf course maintenance
standards.

establishing the maintenance standards. Ideally, the
Green Committee represents a broad range of the
membership.1'8 If this is the case, maintenance
standards can be created through a series of Green
Committee meetings. It also may be helpful to
put together a Standards Committee to survey the
membership for the necessary information to
formulate priorities and expectation levels.

The process begins by creating a rudimentary
set of guidelines for each area of the golf course,
listing current cultural practices.The objectives
are then discussed with the Green Committee, or
possibly a Standards Committee, and the docu-
ment is edited based on results from those dis-
cussions. It may require several meetings to fully
describe each cultural practice, its frequency, and
why it is necessary.

Other individuals who might be called upon
for help include the golf professional, general
manager, USGA agronomist, or other course
officials. Agronomists assist golf courses about
various expectation levels and often recommend
necessary cultural practices to meet those expec-
tations. Agronomists are also especially helpful
with planning long-range improvement projects.
Golf professionals are valuable as they are
generally aware of the skill level of the average
golfer. They also have the most direct contact
with golfers and are aware of common issues and
concerns.

WHAT TO INCLUDE
Maintenance standards should include a descrip-
tion of the desired level of quality and condition-
ing for each area of the golf course and the
cultural practices necessary to sustain the standard.
There are no set guidelines for writing standards,
but they generally include a cover page, table of
contents, introduction/mission statement, and
sections on greens, tees, fairways, roughs, bunkers,
trees/landscaping, aquatic features, long-range
plans, and references.

Time/motion studies are essential building
blocks for establishing maintenance standards.
Time studies calculate the time necessary to
complete each daily task. They may require a few
days to complete, as the data must be gathered
and analyzed, but the information is crucial when
discussing cultural programs.4 Time studies can be
included individually with each section or can be
listed in a separate section. Data from time studies
also can be grouped into sections that show per-
cent resource allocation for each area of the golf
course. You may be surprised that putting greens,
areas of the golf course where the majority of
the game of golf is played, actually receive a
small percentage of the budget as compared to
secondary playing surfaces, out-of-play areas, or
hazards.

In developing written maintenance standards,
the need for long-range planning will become
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apparent. For example, if the standard is to main-
tain level teeing grounds with uniform and dense
turf, then tee leveling/enlargement may be neces-
sary. Likewise, if the standard is to maintain
firm/dry approaches with minimal plugged lies,
but an outdated irrigation system with poor
water distribution is in place, then it may be
necessary to plan for irrigation system
upgrades.

Introduction: Introductory statements might
include types of grasses utilized, a brief descrip-
tion of the architecture, and the overall feel for
how the golf course is to be maintained. Quite
often a mission statement is included as well.
Additional information should include the indi-
viduals and groups responsible for developing the
standards and how they are to be utilized or
amended. Also, mention should be made that the
standards are not intended to be a rigid set of
guidelines but are flexible and should be adjusted
depending on weather or turf health
considerations.

Greens: Objectives should include quality
standards such as turf density, consistency, true-
ness, smoothness, firmness, and putting speed. A
range of acceptable objectives for daily play and
tournament play should be included. These
objectives should be determined for the average
golfer and not for the small percentage of low-
handicappers. Necessary cultural practices for
maintaining these objectives should include
(but are not limited to) mowing heights and
frequencies, core aeration, verticutting, grooming,
sand topdressing, and rolling. Timing and fre-
quency of each practice should be included as
well. Procedures for determining hole locations
should also be included. Next, standards for collars
and approaches should be determined, and neces-
sary cultural practices listed. Lastly, type of con-
struction should also be mentioned.

Tees: Teeing grounds should be level, of
appropriate size for the amount of play, with
dense and uniform turf. In addition to listing
mowing heights, mowing frequencies, divot
repair, and other necessary cultural practices, tee
alignment and procedures for tee marker rotation
should be discussed. Since tees become unlevel
over time, it is also advisable to mention occa-
sional leveling and enlargement.

Fairways and Roughs: Some objectives to
mention for fairways and roughs include fairway
ball lie, turf density, and surface firmness and
uniformity. Maintenance practices should include

mowing height/frequency soil cultivation prac-
tices, sand topdressing, and thatch management.
Herbicide and fertilizer programs may also be
included. Drainage improvements are often on-
going projects at most golf courses to maintain
good turf consistency and surface firmness. Like-
wise, there should be some mention of irrigation
design, maintenance, repair, and possible upgrades
to maintain proper standards.

Bunkers: A general consensus on bunker
firmness is required so that a certain standard can
be maintained. Listing a few objectives like
relative firmness and cleanliness of debris is
common. Maintenance practices may include
frequency of raking, mechanical vs. hand-raking,
edging, and adding of new sand. Also, bunkers
should be defined by a distinct edge, according to
the Rules of Golf. It is important that bunkers
drain appropriately so that they do not remain
saturated or overly firm, and drainage installation
may be necessary if it does not already exist.
Eventually complete refurbishment may be
necessary, depending on type of construction,
annual rainfall, and golfer expectations.

Aquatics: Lakes, streams, and ponds are com-
mon golf course features that require ongoing
maintenance. Water quality (algae and weeds)
should be discussed, and practices like trimming,
marking for the Rules of Golf, lake bank stabili-
zation, water aeration, and buffer strip mainte-
nance should be described.

Trees and Landscaping: Trees are integral
components of golf courses that require continual
maintenance. Practices like annual limb and root
pruning and debris maintenance should be dis-
cussed. More importantly, there should be a
policy for tree installation and removal. Trees have
a negative impact on turf quality, and the golf course
superintendent should identify types of trees planted,
tree location, and tree removal. This is particularly
important for addressing the previously men-
tioned standards for putting greens and tees, as
improperly placed trees are particularly detri-
mental to these areas. Likewise, landscaping has
become a prominent feature on many golf
courses and, although they are aesthetically
appealing, landscape beds require continual
edging, weeding, trimming, mulching, and pest
management. The desired level of quality for
landscape beds and cultural programs should be
listed.

References: There are numerous articles that
can be attached to your maintenance standards.
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The goal is to educate golfers on the need for
routine cultural practices and to justify rebuilding
or renovating certain areas of the golf course.
Many reprints can be found on the USGA web-
site at http://www.usga.org/turf/articles/-
articles and resources.html or contact your local
agronomist for additional resources.

Other: Each facility is unique and should
decide the important topics to list in the mainte-
nance standards. Such topics may include cart
paths, the practice facility, pest management, irri-
gation, equipment maintenance and replacement,
maintenance facility, tournament planning, "in-
house" project procedures, budgeting processes,
and The Audubon Cooperative Sanctuary
Program.

With each of the playing surfaces, the standards
should address objectives and procedures for"in-
season" play as well as "off-season" conditions. For
example, minimal quality standards or turf main-
tenance procedures are required for golf courses

and concise, with a limit on unnecessary
"verbiage."

Pictures significantly improve the quality and
presentation of the maintenance standard docu-
ment. A picture is worth a thousand words, and
they can be added to inform members about
unfamiliar cultural practices like verticutting,
grooming, aerifying, topdressing, or root-pruning.
Pictures also document the need for long-range
improvement projects. For example, pictures
of standing water in bunkers can help justify a
bunker drainage project, or excessively worn
turf on a practice tee suggests the need for tee
enlargement. Aerial photographs add perspective
and are especially helpful for explaining front,
middle, and back tee rotation or putting green
hole locations. Inserting digital pictures into
documents is simple and can be done with
minimal computer expertise.

Tables are also effective communication tools.
In particular, time/motion studies are best pre-

Pictures are utilized to
better explain unfamiliar
cultural practices like
core aeration.

in northern regions during winter months, but
the opposite occurs for courses in warmer
regions.

STANDARDIZE
WITH STYLE
Maintenance standards can range from plain to
highly professional, depending on the amount
of time and effort invested. There is certainly
room for individual creativity and style in using
pictures, tables, and figures. With whatever style
utilized, maintenance standards should be clear

sented in a table format. Most word-processing
software, including Microsoft Word, are capable
of formulating tables and graphs for documents.
It may be necessary to hire a part-time secretary
for a week or two or enlist the assistance of an
individual with computer knowledge to perform
these tasks.

Documents of highest quality are those that are
professionally published.2 Since developing main-
tenance standards requires time and effort, having
them professionally published is worth the invest-
ment. In addition to rewarding the time involved,
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Time studies
of golf course

maintenance
practices are

important
components to

include with
maintenance

standards.

Required Weekly Maintenance

Practice
_,C-hange cups
Practice green cups
Clean ballwashers
Sandpro
Bunker touch-up
Bunker complete
Mow greens
Mow greens & aprons
84" mower
Mow fairways
5-gang rough
Rough trim
Spray greens
Spot water
Sweeping
Irrigation maintenance
Tee divots
Fairway divots
Fairway spot weed
Green syringe
Dew removal
Move ropes

M

1

3
6

16
7
7
7
7

II
4
2

6
2

3

April- Nov.-
DayofWeek Oct. March

T W T F S S Total Total

I I 8 3
2 2 4 4
3 3 3 4 3 19 19
6 6 6 6 6 3 6 3 6

16 16 16
8 16 8 16 8 72 72
7 7 7 21 14
7 7 7 21 14
7 7 7 7 7 3 5 21
7 7 7 7 7 3 5 21

7 7 7 21 14
6 6 2

II II II II 55
4 4 4 4 2 0 2 0
2 2 2 2 10 3

20 20 20
16 16 32 32

6 6
2 2 2 2 2 2 14

8 8 16 16
3 3 3 3 2 2 19 19

509 308

Explanation

2 employees/3 hours
4 employees/4 hours
4 employees

5 employees/4 hours
4 employees/8 hours

Daily work prep and break times — 10 minutes morning start-up
1 5 minutes morning break
5 minutes pre-lunch clean/preparation
5 minutes post-lunch preparation

1 5 minutes afternoon break
10 minutes afternoon preparation
60 minutes total x 5 days x 1 5 employees = 75 hours/week

Token from "Required Maintenance Versus Available Labor" — Green Sect/on Record 26(I):I2-I4.

professionally finished standards are enjoyable to
read. When completed, it is nice to have a manual
that looks good and is easy to read.

SUMMARY
Like businesses, successful golf courses do not
happen by accident. Each year USGA agrono-
mists visit many golf courses of various sizes,
shapes, and budgets. Successful clubs, regardless of
budget, have a clear understanding of what they
want to be and are characterized by effective
working relationships between golf course
management and golfers. Maintenance standards
are employed on all golf courses, whether they are
written or not. However, establishing a formal set
of maintenance standards helps maintain proper
expectation levels, allocates resources appropriately,
and provides continuity in management
objectives from year to year.
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TODD LOWE is based in Rotonda West, Florida. He
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Service visits in Florida.
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Interpreting Turfgrass
Irrigation Water Test Results
M. ALI HARIVANDI, Environmenta l Hort iculture Advisor, Alameda , Contra Costa , and
Santa Clara Count ies

The notion that water quality problems caused by soluble salts arise only—or
even primarily—in regions with arid climates is far from the truth. For example,

the excessive pumping of fresh water from wells in coastal areas can lead to saltwa-
ter intrusion problems. Even in high-rainfall areas the groundwater may contain sig-
nificant levels of soluble salts derived from underground rock formations of marine
origin. Moreover, increasing numbers of golf courses, parks, cemeteries, school
campuses, industrial, and commercial turfed sites use potentially saline recycled
municipal water for irrigation. The result of this breadth of use is that the effects of
excess soluble salts are visible on turfgrass plantings in a wide range of climates.
Water analysis and periodic monitoring have thus become key components of sound
irrigation management.

Water analysis by a commercial laboratory provides data on many parameters,
some of which are of little significance for turfgrass irrigation. The most important
parameters for turfgrass management are total concentration of soluble salts (salin-
ity); sodium (Na) content; relative proportion of sodium to calcium (Ca) and mag-
nesium (Mg) (Sodium Adsorption Ratio or SAR); chloride (Cl), boron (B), bicar-
bonate (HCO3), and carbonate (CO3) content; and pH. Other parameters that you
are likely to find on a water test report and that you should review are nutrient con-
tent (nitrogen, phosphorus, and potassium), chlorine content, suspended solids,
and turbidity, though none of these by itself plays a major role in determining the
suitability of water for irrigation.

I M P O R T A N T  T E S T  P A R A M E T E R S
Salinity. All irrigation waters contain some dissolved mineral salts and chemicals.
Some soluble salts are identified as nutrients and are beneficial to turfgrass growth;
others may be phytotoxic or may become so when present in high concentrations.
The rate at which salts accumulate to undesirable levels in a soil depends on their
concentration in the irrigation water, the amount of water applied annually, annual
precipitation (rain plus snow), and the soil’s physical and chemical characteristics.

Different laboratories report water salinity in different ways: as Total Dissolved
Solids (TDS) measured in parts per million (ppm) or milligrams per liter (mg/L), or
as electrical conductivity (ECw) measured in millimhos per centimeter
(mmhos/cm), micromhos per centimeter (µmhos/cm), decisiemens per meter
(dS/m), or siemens per meter (S/m). Some labs may also report the individual com-
ponents of salinity (e.g., sodium) in milliequivalents per liter (meq/L). You can use
the following equations to convert results from one set of units to another, and so
compare data from differently formatted reports:

(1) 1 ppm = 1 mg/L

(2) 1 mg/L = meq/L ! Equivalent Weight (see Table 1)

(3) 1 mmho/cm = 1 dS/m = 1,000 µmhos/cm = 0.1 S/m
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Historically, laboratories determine TDS in water by evaporating a known vol-
ume and then weighing any precipitate. Results of this method were reported as ppm
or mg/L. This process is time-consuming, and today the preferred method for assess-
ment of soluble salt content is the measurement of electrical conductivity (ECw),
which is directly related to the salt content of the water. Regardless of how salinity
is reported, the relationship between ECw and TDS is approximately

(4) ECw (mmhos/cmor dS/m) ! 640 = TDS (ppm or mg/L) 

Note that the 640 value is a general average factor and may require adjustment
in special circumstances. For example, waters containing substantial amounts of sul-
fate require a higher conversion factor. Many low-salinity groundwater supplies
along coastal valleys of California have water that would fall within this category.
Sometimes the appropriate conversion factor can be as high as 700. If you are unsure
about which conversion factor to use, consult the testing laboratory. 

Most water that is acceptable for turfgrass irrigation contains from 200 to 800
ppm soluble salts. Soluble salt levels greater than 2,000 ppm may injure turfgrass;
salt levels up to 2,000 ppm may be tolerated by some turfgrass species (Table 2), but
only on soils with exceptional permeability and subsoil drainage. Good permeabili-
ty and drainage allow a turfgrass manager to leach excessive salts from the root zone
by periodically applying heavy irrigations. Sand-based sport fields and golf greens
have the proper soil structure for this form of salinity management. (It should be
noted that irrigation water with a very low salt content [i.e., below 0.2 dS/m] can
actually reduce the permeability of a soil. Such water can disperse clay particles,
which then clog large soil pores that are important for good permeability.)

INTERPRETING TURFGRASS IRRIGATION WATER TEST RESULTS 2

Table 1. Conversion factors for mg/L and meq/L

To convert To convert
mg/L to meq/L meq/L to mg/L

Constituent multiply by multiply by

Sodium (Na) 0.043 23
Calcium (Ca) 0.050 20
Magnesium (Mg) 0.083 12
Bicarbonate (HCO3) 0.016 61
Carbonate (CO3) 0.033 30
Chloride (Cl) 0.029 35

Table 2. Relative tolerances of California turfgrass species to soil salinity (ECe)

Moderately Moderately
Sensitive sensitive tolerant Tolerant
(<3 dS/m) (3 to 6 dS/m) (6 to 10 dS/m) (>10 dS/m)

Annual bluegrass Annual ryegrass Perennial ryegrass Alkaligrass
Colonial bentgrass Creeping bentgrass Tall fescue Bermudagrasses
Kentucky bluegrass Fine-leaf fescues Zoysiagrasses Seashore paspalum
Rough bluegrass Buffalograss St. Augustinegrass

From: M. A. Harivandi, J. D. Butler, and L. Wu. 1992. Salinity and turfgrass culture. In D. V. Waddington, R. N. Carrow, and
R. C. Shearman (eds.) Turfgrass, pp.207–229. Series No. 32. Madison: American Society of Agronomy.



Table 3 lists the parameters a turfgrass manager should consider in evaluating
irrigation water quality. As indicated, waters with ECw values greater than 0.7 dS/m
(450 mg/L) present increased salinity problems. Only careful management will pre-
vent the accumulation of deleterious amounts of salts in the soil if water with a high
ECw is used for irrigation. Avoid using any water with an ECw above 3 dS/m. 

The salt tolerance of turfgrass and other plants is expressed in terms of the salt
content of the soil root zone. For example, as indicated in Table 2 Kentucky blue-
grass will tolerate a soil salinity (ECe, the electrical conductivity of the soil water
extract) of up to 3 dS/m. You must therefore consider soil physical characteristics
and drainage, both of them important factors in determining root zone salinity,
when you decide about the suitability of a given irrigation water. Water with an ECw
of 1.5 dS/m may be suitable for grass grown on sandy soil with good drainage (and
thus high natural leaching), but the same water may prove injurious within a very
short period if used to irrigate the same grass grown on a clay soil or a soil with lim-
ited drainage resulting from salt buildup in the root zone.
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Table 3. Guidelines for the interpretation of water quality for irrigation

Degree of restriction on use

Potential Unit of Slight to
irrigation problem measure None moderate Severe

Salinity
ECw dS/m <0.7 0.7 to 3.0 >3.0
TDS mg/L <450 450 to 2,000 >2,000

Soil water infiltration
(evaluate using ECw [dS/m] and SAR together)

if SAR = 0 to 3 & ECw = >0.7 0.7 to 0.2 <0.2
if SAR = 3 to 6 & ECw = >1.2 1.2 to 0.3 <0.3
if SAR = 6 to 12 & ECw = >1.9 1.9 to 0.5 <0.5
if SAR = 12 to 20 & ECw = >2.9 2.9 to 1.3 <1.3
if SAR = 20 to 40 & ECw = >5.0 5.0 to 2.9 <2.9

Specific ion toxicity
Sodium (Na) 

root absorption SAR <3 3 to 9 >9
foliar absorption meq/L <3 >3 —

mg/L <70 >70 —
Chloride (Cl)

root absorption meq/L <2 2 to 10 >10
mg/L <70 70 to 355 >355

foliar absorption meq/L <3 >3 —
mg/L <100 >100 —

Boron (B) mg/L <1.0 1.0 to 2.0 >2.0

Miscellaneous effects
Bicarbonate (HCO3) meq/L <1.5 1.5 to 8.5 >8.5

(unsightly foliar deposits) mg/L <90 90 to 500 >500
pH normal range 6.5 to 8.4
Residual chlorine (Cl2) mg/L <1.0 1 to 5 >5

Adapted from D. W. Westcot and R. S. Ayers. 1984. Irrigation water quality criteria. In G. S. Pettygrove and T. Asano (eds.)
Irrigation with Reclaimed Municipal Wastewater – A guidance manual. Report No. 841-1wr. California State Water
Resources Control Board, Sacramento, CA; and from D. S. Farnham et al. 1985. Water Quality: Its Effects on Ornamental
Plants. University of California Division of Agriculture and Natural Resources Publication 2995.



The figures in Table 2 give a general guide to the salt tolerance of individual turf-
grasses. As indicated, soils with ECe values below 3 dS/m are considered satisfacto-
ry for most turfgrasses. ECe values between 3 and 10 dS/m indicate soils in which
only a few salt-tolerant turfgrass species can survive.

Sodium. Sodium content is another important factor in irrigation water quality
evaluation. Plant roots absorb sodium and transport it to leaves where it can accu-
mulate and cause injury. The leaf symptoms of sodium toxicity resemble those of salt
burn. Because salts can be absorbed directly by leaves, irrigation water with a high
level of sodium salts can be particularly toxic if applied to plant leaves via overhead
sprinklers. Sodium toxicity is often of more concern on plants other than turfgrass-
es, primarily because accumulated sodium is removed every time grass is mowed.
Among grasses grown on golf courses, annual bluegrass and bentgrass are the most
susceptible to sodium phytotoxicity. In these cases, mowing may not provide pro-
tection since these grasses are generally cut very short (a stress in itself), and any
sodium accumulation will then make up a large proportion of the small remaining
quantity of leaf tissue.

The data in Table 3 provide general guidelines for assessing the effect of sodium
in irrigation water. As indicated in the table, the level of sodium tolerated by non-
turf plants varies with irrigation application method. Most landscape plants will tol-
erate as much as 70 ppm (mg/L) sodium when irrigated by overhead sprinkler.

SAR (Sodium Adsorption Ratio). Although sodium in the irrigation water can be
toxic to plants, a more common deleterious effect of sodium results from its effect
on soil structure. This effect generally is of more concern to golf course superinten-
dents and other professional managers of intensely used turfgrassess. 

When irrigation is applied to the soil, the best indicator of sodium effect is a
water’s Sodium Adsorption Ratio (SAR), a value which should be provided in all lab-
oratory water analyses. As a general rule, water with an SAR value below 3 is con-
sidered safe for turf and other ornamental plants (Table 3). Because SAR is such an
important factor in water evaluation, however, it merits a thorough understanding.

The high sodium content common to recycled water can cause deflocculation
(breakdown) of soil clay particles, severely reducing soil aeration and water infiltra-
tion and percolation. In other words, a soil’s permeability is reduced by irrigation
with water high in sodium. The best measure of a water’s likely effect on soil per-
meability is the water’s SAR considered together with its ECw. SAR is the ratio of the
concentration of sodium ions to the concentration of calcium plus magnesium. You
can use the formula below to calculate SAR if a laboratory report does not provide
it but does provide values for sodium, calcium, and magnesium in meq/L. If values
are provided as mg/L or ppm, convert them to meq/L using the conversion factors
in Table 1 before you use the formula.
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Generally, water with an SAR greater than 9 can cause severe permeability prob-
lems when applied to fine-textured (clay) soils over a period of time. Coarse-tex-
tured (sandy) soils have fewer permeability problems and can tolerate an SAR of this
magnitude. For example, you can successfully irrigate golf greens and sports fields
constructed with high-sand-content root zone mixes using high-SAR water because
of their good drainage.

For waters high in bicarbonate, some laboratories adjust the calculation of SAR
(yielding an “adjusted SAR” or “Adj. SAR”) because soil calcium and magnesium

(5) SAR = 
Na

( )Ca + Mg  ÷ 2
  



concentrations are affected by the water’s bicarbonate. In simplest terms, Adj. SAR
reflects the water’s calcium, magnesium, sodium, and bicarbonate content as well as
its total salinity. Other labs use a newer method to adjust the SAR value and report
the adjusted value as Adj. RNa. Not all labs have adopted this new method, which
adjusts the SAR to account for either the precipitation or dissolution of calcium car-
bonate, but the unadjusted SAR value is sufficient for our purposes.

Interaction of salinity and SAR. Salts and sodium do not act independently in the
plant environment. The effects of sodium on soil particle dispersion (and therefore
permeability) are counteracted by a high electrolyte (soluble salts) concentration;
therefore, one cannot assess a water’s sodium hazard independent of its salinity. The
combined effect of water ECw and SAR on soil permeability is given in Table 3. Note
that the table provides general guidelines only. Soil properties, irrigation manage-
ment, climate, a given plant’s salt tolerance, and cultural practices all interact sig-
nificantly with water quality in the actual behavior of soils and plant growth.

Bicarbonate and carbonate. The bicarbonate content and, to a lesser degree, the
carbonate content of irrigation water also deserve careful evaluation. Recycled
waters and well waters are especially likely to contain excessive bicarbonate levels.
Substantial bicarbonate levels in irrigation water can increase soil pH, and in com-
bination with carbonate they may affect soil permeability. In addition, bicarbonate
content may make itself obvious during hot, dry periods, when evaporation may
cause white lime (CaCO3) deposits to appear on leaves of plants irrigated by over-
head sprinklers.

Although high levels of bicarbonate in water can raise soil pH to undesirable lev-
els, bicarbonate’s negative impact on soil permeability is often of greater concern. As
mentioned above, the bicarbonate ion may combine with calcium or magnesium and
precipitate as calcium carbonate or magnesium carbonate. This precipitation
increases the SAR in the soil solution because it lowers the dissolved calcium con-
centration.

Table 3 indicates tolerable levels of bicarbonate in irrigation waters. The bicar-
bonate hazard of water may be express as Residual Sodium Carbonate (RSC), calcu-
lated thus

(6) RSC = (HCO3 + CO3) – (Ca + Mg)

where concentrations of ions are expressed in meq/L (see Equation 2 and Table 1 for
conversions). Generally, water with an RSC value of 1.25 meq/L or lower is safe for
irrigation, water with an RSC between 1.25 and 2.5 meq/L is marginal, and water
with an RSC of 2.5 meq/L or more is probably not suitable for irrigation.

pH (hydrogen ion activity). The pH is a measure of water’s acidity or alkalinity
measured in pH units. The scale ranges from 0 to 14, with pH 7 representing neu-
tral—water with a pH of 7 is neither acidic nor alkaline. As it progresses from pH 7
to pH 0, water becomes increasingly acidic; from pH 7 to pH 14, water becomes
increasingly basic (alkaline). The pH units are on a logarithmic scale: there is a ten-
fold change between each whole pH number. Thus a water with pH 8 is 10 times
more basic than a water with pH 7, and 100 times more basic than a water with pH
6. Water pH is easy to determine and provides useful information about the water’s
chemical properties. Although seldom a problem in itself, a very high or very low
water pH can be a warning that you need to evaluate the water for other con-
stituents. The desirable soil pH for most turfgrasses ranges from 5.5 to 7.0; most irri-
gation waters’ pH values, however, range from 6.5 to 8.4. Depending on the proper-
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ties of the soil where the grass is grown, an irrigation water pH range of 6.5 to 7
would be most desirable. Water with a pH outside the desirable range must be care-
fully evaluated for other chemical constituents.

Chloride. Besides contributing to the total soluble salt concentration of irriga-
tion water, chloride (Cl) may be directly toxic to plants grown on a golf course, park,
or other landscape site. Although chloride is not particularly toxic to turfgrasses,
many trees, shrubs, and ground covers are quite sensitive to it.

Chloride is absorbed by plant roots and translocated to leaves where it accumu-
lates. In sensitive plants this accumulation leads to necrosis: leaf margin scorch in
minor cases, total leaf kill and abscission in severe cases. Similar symptoms may
occur on sensitive plants if high-chloride water is applied via overhead sprinklers,
since chloride can be absorbed by leaves as well as roots. Turfgrasses tolerate all but
extremely high levels of chloride as long as they are regularly mowed.

Chloride salts are quite soluble, so they can be leached from well-drained soils
with good subsurface drainage. As indicated in Table 3, irrigation water with a chlo-
ride content greater than 355 mg/L is toxic when absorbed by roots, while a chlo-
ride content greater than 100 mg/L can damage sensitive ornamental plants if
applied to foliage.

Boron. Boron (B) is an essential micronutrient for plant growth, though it is
required in very small amounts. Even at concentrations as low as 1 to 2 mg/L in irri-
gation water, it is phytotoxic to most ornamental plants and capable of causing leaf
burn (Table 3). The most obvious symptoms appear as a dark necrosis on the margins
of older leaves. Turfgrasses generally tolerate boron better than any other plants grown
in a landscape, but they are more sensitive to boron toxicity than to either sodium or
chloride. Most turfgrasses will grow in soils with boron levels as high as 10 ppm.

O T H E R  P A R A M E T E R S
Chlorine. Irrigation water originating from municipal recycled water may contain
excessive residual chlorine (Cl2), a potential plant toxin. Chlorine toxicity is almost
always associated only with recycled water sources, which are routinely disinfected
with chlorine-containing compounds. Chlorine toxicity occurs only if high levels of
chlorine are sprayed directly onto foliage, a situation likely to occur only if the recy-
cled water goes straight from the treatment plant to an overhead irrigation system.
Free chlorine is very unstable in water, and it will dissipate quickly if the water is
stored for even a short period of time between treatment and application to plants.
As indicated in Table 3, residual chlorine is of concern at levels above 5 mg/L.

Nutrients. With the exception of municipal recycled water, the nutrient value of
most irrigation waters is negligible. Recycled waters, however, always contain a
range of micro (trace) elements sufficient to satisfy the needs of most turfgrasses.
They may also contain enough macro (major) nutrients (nitrogen, phosphorus, and
potassium) to figure significantly in the fertilization program of a large turfed area. 

Most laboratories test recycled water for nutrient content, and many report
nutrients in terms of “lb/acre-ft of water applied.” The economic value of these
nutrients can be substantial. Even where the quantities of nutrients are low, the
nutrients can be used very efficiently by plants because they are applied on a regu-
lar basis. If the laboratory report does not include the lb/acre-ft of nutrients, you can
use the following conversion formula to determine this value for any nutrient con-
tained in the irrigation water: 

(7) lb/acre-ft of nutrient = nutrient content (mg/L or ppm) ! 2.72
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Suspended solids. The suspended solids (SS) in irrigation water are the inorgan-
ic particles such as clay, silt, and other soil constituents, as well as organic matter
such as plant material, algae, and bacteria. These materials do not dissolve in water
and can thus be removed only by filtration, an essential step for most irrigation sys-
tems in which plugged sprinkler head openings or plugged valves can reduce a sys-
tem’s efficiency and life span.

The suspended solids in domestic municipal water sources are negligible and
not a cause for concern. However, you should monitor suspended solids in well,
lake, pond, canal, or recycled waters used for irrigation. Besides the mechanical
problems they present for irrigation systems, suspended solids can seal a soil sur-
face, especially on sand-based golf greens, sports fields, and other sandy media.
Solids can fill in air spaces between sand particles, reducing infiltration and drainage
and increasing compaction. Since these effects vary considerably with the type of
suspended solid, the irrigation system, and the turfgrass soil, it is difficult to for-
mulate general acceptable values for suspended solids in irrigation water. General
consensus says that an SS level below 50 mg/L is safe for a drip irrigation system
while values above 100 mg/L will cause plugging, but the complexity and variabili-
ty of irrigation waters and systems make effective filtration the most sensible
approach to controlling hazards posed by suspended solids.

Turbidity. Another factor, turbidity, measures the transmission of light through
water with respect to matter suspended in the water. This measurement frequently
appears in laboratory results, especially in analyses of recycled water, and it is an
important tool in determining the quality of domestic and recycled water. It is not a
useful tool for evaluating irrigation water, primarily because there are no uniform
guidelines for acceptable turbidity values for irrigation water.

S A M P L I N G  I R R I G A T I O N  W A T E R  
The results of a laboratory water test are only as good—and therefore only as use-
ful—as the water sample tested. Thus, a tested sample must be truly representative
of the irrigation water applied. Poor or contaminated samples result in misleading
evaluations. Since the few ounces of water finally tested represent a tiny fraction of
the millions of gallons of water eventually used to irrigate a golf course, cemetery, or
park, getting a good sample can be trickier than it may at first appear.

There are no strict rules for sampling water. Equal attention is due, however, to
the sampling equipment, timing, location, and handling of the sample. Some labo-
ratories provide instructions on what type of containers to use for sampling and the
amount of water needed for a sample. If no instructions are available from the lab,
use clean plastic bottles rather than glass since some glass bottles may be a source
of boron. Also, plastic bottles reduce the chance of breakage during transfer. Always
use a clean bottle; if unsure of its cleanliness, wash the bottle thoroughly first, using
the water to be sampled.

Label the bottles immediately after sampling. Use permanent ink and good qual-
ity labels. Record the time, date, and location of sampling. Make sure each sample
bottle is tightly closed.

A water sample should represent the water actually applied to plants. Thus, for
example, you should collect water from sprinklers while they are operating.
Similarly, the quality of water stored in ponds or lakes may change over time, par-
ticularly if the water has been recycled or if it is held for an extended period during
hot weather, so sampling must take this into account. Water quality may also vary
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from season to season, so it may be appropriate to take samples for analysis at dif-
ferent times of year.

I N T E R P R E T I N G  W A T E R  Q U A L I T Y  H A Z A R D S
Clearly, water quality involves a complex set of factors and each irrigation water
must be analyzed on an individual basis. Very few water sources are absolutely
unsuitable for turfgrass irrigation. While you can use the discussion in this publica-
tion as a general guide to help you determine whether you have a turfgrass water
quality problem, any determination of the precise nature and magnitude of that
problem may require more than just water analysis. Climate, soil chemistry and
physics, use patterns, and turf quality expectations all contribute both to any prob-
lem and to any potential remedies in turfgrass water quality.

F O R  M O R E  I N F O R M A T I O N
You’ll find detailed information on many aspects of turfgrass and landscape care in
these UC ANR publications:

Effluent Water for Turfgrass Irrigation, publication 21500
Evaluating Turfgrass Sprinkler Irrigation Systems, publication 21503
Managing Turfgrasses during Drought, publication 21499
Turfgrass Evapotranspiration Map: The Central Coast of California, publica-
tion 21491
Turfgrass Water Conservation, publication 21405
UC IPM Pest Management Guidelines for Turfgrass, publication 3365-T

Also of interest:
Grower’s Weed Identification Handbook, publication 4030
Weeds of the West, publication 3350

To order these publications, visit our online catalog at http://anrcatalog.ucdavis.edu.
You can also place orders by mail, phone, or fax, or request a printed catalog of pub-
lications, slide sets, and videos from 

University of California
Division of Agriculture and Natural Resources
Communication Services
6701 San Pablo Avenue, 2nd Floor
Oakland, California 94608-1239

Telephone: 1-800-994-8849 or (510) 642-2431, FAX: (510) 643-5470
e-mail inquiries: danrcs@ucdavis.edu
Visit us on the World Wide Web: http://anrcatalog.ucdavis.edu
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An electronic version of this publication is available on the ANR Communication Services 
website at http://anrcatalog.ucdavis.edu.
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TODAY'S LESSONS
Proper soil sampling
Consistent use of labs
Soil pH near neutral

Seek help from experts
when necessary

"
". -

Soil Fertility and
Turfgrass Nutrition 101
Some important concepts you might have missed
in or outside of the classroom.

BY JAMES H. BAIRD

Few would dispute that there are both an art
and a science to growing high-quality turf
However, these days it seems that soil

fertility and turf grass nutrition practices are
becoming less scientific and more illogical than
artistic.
While science continues to move forward,

it appears to me that most of the new theories
or so-called advancements are professed by
companies or individuals who stand to gain by
selling their products or consultation services.
Most turf managers won't hesitate to apply a
new product if they believe that it won't hurt
anything and could only help their situation.
Unfortunately, applying the wrong nutrient or

too much of a nutrient can result in deficiencies
of other nutrients, greater potential for disease
outbreak due to changes in soil acidity, or
perhaps unfavorable changes in soil physical
properties. Given today's uncertain economy
and increased scrutiny over chemicals applied in
the turf grass environment, all turf managers
need to re-evaluate their fertilization practices
by using science as the foundation upon which
personal experience and feel are built.
Soil fertility and plant nutrition are complex

subjects, but they're far from incomprehensible.
An article of this length cannot begin to address
all of the basic principles of soil fertility and turf-
grass nutrition. Rather, the objective is to help
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Table I
General trends of soil pH on nutrient availability and various turf problems.

<5.0 5.5 6.0 6.5 70 7.5

Deficiency «5.5)
Nitrogen
Phosphorus
Potassium
Magnesium
Molybdenum
Sulfur

Disease (>5.3)
Spring dead spot

Disease (>6.0)
Summer patch

Disease (>6.5)
Pink snow mold
Take-all patch

Deficiency (>7.5)
Phosphorus
Iron
Manganese
Boron
Copper
Zinc

AI, Mn Thatch
Toxicity I Accumulation
«5) I «5.5)

I

simplify several concepts that are critical to
ensuring turf health and both environmental
and fiscal responsibility. Emphasis will be placed
on soils and turf grass nutritional needs in the
Northeast, although the principles will apply
more broadly. For more information, please see
the references that follow. Let's begin our lesson.

TAKE CHARGE OF YOUR
SOIL TESTING PROGRAM
Before applying any nutrient, it's important to
determine which ones are deficient and in what
amounts. Nutrient deficiencies, including nitro-
gen (N), iron (Fe), and phosphorus (P), are
sometimes visually detectable to the well-trained
eye, although quantification of the supplemental
amount required is difficult if not impossible.
Tissue testing provides a much more objective
and quantitative evaluation of the nutritional
status of the plant. However, more research is
needed to correlate nutrient levels in tissue with
turf grass response. Tissue testing is best used as a
diagnostic procedure since a plant must be under
nutrient stress for a deficiency to show.
Although far from perfect, soil testing remains

the most common and best method of determin-
ing the nutrient availability to the turf grass plant
since it attempts to identify potential problems
before they occur. Judging by the number of
turf managers who hire soil consultants or the
number of times I have been asked to interpret
reports, I gather that many turf managers are

2 GREEN SECTION RECORD

N (urea)
Volatilization
(>7.5)

uncomfortable with deciphering soil test results.
In the reference section, several articles address
soil testing in one capacity or another. The
four principal components of soil testing are:
1) sampling, 2) laboratory analysis, 3) interpreta-
tion of results, and 4) recommendations for
chemical changes, if needed.

DON'T UNDERESTIMATE THE
IMPORTANCE OF PROPER SAMPLING
Improper sampling for soil testing can be one of
the greatest sources of error in soil testing pro-
grams. A few things to keep in mind about soil
sampling are: 1) take at least 20 sub-samples
(cores) of a representative area to be pooled,
mixed, and sampled for testing; 2) sample at a
uniform depth (e.g., usually 2 to 4 inches for
putting greens; 3) if a true thatch or topdressing
layer is present, consider subdividing each core
into thatch or mat and underlying soil to
determine chemical and nutrient properties of
each component; and 4) sampling time and
frequency are important for determining
consistency of test results and effectiveness of
fertilizer applications. Chemical change
following fertilization can occur within days or
weeks in sandy soils compared to months or
years in clay soils. In the Northeast on sand-
based greens or tees, consider sampling in spring,
prior to aeration, and again 6-8 weeks after
fertilization with granular formulations as a
follow-up analysis. Sample once again 6-8 weeks



Soil test results are likelyto generate very
different results when samples are taken at
varying depths. In the case of a longer soil
sample, separate and analyze the upper
sandy portion of the profile separately from
the mineral soil below.

ESSENTIAL NUTRIENTS

SOLUBLE SALTS
Measurement of soluble salts is especially
important for determining salinity on
salt-affected soils. Electrical conduc-
tivity (ECe) is reported in units of
decisiemens/meter (dS/m) or milli-
mhos/centimeter (mmhos/ cm). An
ECe above 4.0 dS/m is considered
saline. The saturated paste extract
(SPE) is considered to be the standard
procedure for measuring ECe, sodium
absorption ratio (SAR), and boron (B)
concentration. Although not typically
reported on a test in the Northeast, the
SAR is a measure of the potential for
excess sodium (Na) to cause structural
deterioration of soil. SAR levels above
12 are considered problematic for soil
and plant health, whereas ideal levels
should be 3 or lower. If soil tests reveal
problems with soluble salts or Na, it is
important to have the water source
tested and seek help from a qualified
consultant or university specialist.

instead used by the lab to determine liming rate
recommendations, when necessary. The ability
to lower pH of alkaline soils with the addition of
sulfur or acid is largely dependent upon free lime
present in the soil, with higher quantities pro-
viding greater buffer capacity against pH change.
Thus, it is not recommended that pH reduction
be attempted in soils with even a low
percentage of lime due to the very
large acid quantities required and the
potential for turf injury.

Laboratories use chemical extractants
to estimate the levels of soil nutrients
that are readily available to plants.
Values are reported in parts per million
(ppm) or pounds per acre (lbs/ A). In
addition, most labs will categorize
each nutrient in terms of availability
to the plant from below optimum to
above optimum, or very low to very
high. This method is referred to as the
sufficiency level of available nutrients (SLAN),
which attempts to correlate plant response to
extractable soil nutrients. Although it could be
said that there are limited data directly correlat-
ing soil nutrient levels with specific and desirable

BE CONSISTENT WITH
LABORATORY ANALYSES
Several university and commercial laboratories
are available for soil sample analysis. Be cautious
about analyses and recommendations that are
offered free of charge from fertilizer manufac-
turers or turf distributors. Also, it is important to
know that results are likely to vary from labora-
tory to laboratory due to different extraction
methods and chemicals used for analyses. See the
articles by Carrow et al. (2003 and 2004) that
describe differences among soil analytical
procedures. For the sake of your soil testing
program, it is important to choose a laboratory
that uses procedures and nutrient ranges that
are appropriate for the soil types on your golf
course. Once that information is gathered, the
important thing is to use the same laboratory
year in and year out to analyze trends in nutrient
availability and deficiencies.

following aeration and fertilization in late
summer.

YOU TOO CAN INTERPRET
A SOIL TEST REPORT
Interpretation from the laboratory or a consultant
aside, every turf manager should feel comfort-
able with understanding soil test results. The
following is a description of information likely
to be found on a soil test report in the Northeast.

Soil Acidity or pH
Soil acidity or pH is the negative logarithm of
the hydrogen ion concentration on a scale from
o to 14, with 7 being neutral (concentration of
hydrogen ions equals hydroxide ions). Table 1
shows a diagram of nutrient deficiencies and
other turf problems that are likely to occur at
varying p~ levels. In general, soil acidity at or
near neutrality ensures maximum availability of
all essential nutrients in the soil. This pH range
favors the nutrients being in a plant-available
form. This is one of the simplest and most
important principles to remember about soil
fertility and plant nutrition.

Lime Requirement
Lime requirement is the quantity oflimestone
(CaC03) required to raise the pH of an acid soil
to a desired level. A buffer solution is added to
the soil to determine buffer pH. The value itself
is not significant to the turf manager, but it is
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Table 2
Essential nutrient elements, their function, and potential for deficiency or toxicity in plants.

Plant. Frequency of Toxicity or
Essential Chemical Available Primary Mobility Deficiency in Deficiency Excessive
Macronutrient Symbol Form Role in Plant Turfgrasses Occurrence Occurrence

Carbon COI Many Sometimes Drought stress

Hydrogen HIO Many Sometimes Drought stress

Oxygen 0 COI/OI Many Sometimes Compaction; waterlogged conditions

Nitrogen NO- Constituent of amino acids, Mobile Common Sandy soils; high leaching; clipping removal; Salt toxicity; excessive growth;
NH;+ amides, proteins, nucleic acids, denitrification; low pH «4.8) succulence

nucleotides, coenzymes, ete.

Phosphorus H{O~ Component of sugar phosphates, Mobile Sometimes Sandy, low C[C, irrigated soils; low pH «5.5); Excessive P may induce Fe
H 0,- nucleic acids, nucleotides, high pH (>7.5-8.5); high clay content soils; deficiency under some conditions

coenzymes, phospholipids, etc.; subsoils; high P demand during establishment;
key role in reactions involving ATP reduced uptake in cold soils; clipping removal

Potassium K+ Required as a cofactor for many Mobile Sometimes High rainfall or leaching; sandy or low CEC soils; Salinity stress; suppresses Mg,
enzymes; stomatal movements; acidic soils (pH<5.5); clipping removal; sites Ca, or Mn uptake; fertilizerburn
maintains electroneutrality receiving high Ca, Mg, or Na additions; under
in plant cells high N fertilization; soils high in vermiculite,

illite,or smectite at high pH

Calcium Ca Ca+1 Constituent of middle lamella of Immobile Rare low pH «5.5) conditions on low CEC soils Excessive Ca can induce Mg,
cell walls; required as a cofactor receiving high Na levels or with high AI, Mn, K, Mn, or Fe deficiencies
by some enzymes or H; high leaching; true deficiencies are most

probable in root rather than shoot tissues

Magnesium Mg Mfl Constituent of chlorophyll Mobile Sometimes low pH «5.5); sandy soils due to low CEC Excessive Mg can induce
molecule and high AI, Mn, H; under high Na, Ca, or K deficiencies of K, Mn, and Ca

addition; high leaching

Sulfur SO/ Component of some proteins Somewhat Sometimes low OM; sandy, low CEC soils; high rainfall and Foliar burn; induces extreme
mobile leaching; low atmosphere additions; high N with acidity in soils not buffered by

clipping removal free lime; contributes to black
layer under anaerobic conditions

Iron Fe Fe+1 Constituent of cytochromes and Immobile Common High pH (>7.5); poor rooting; excessive thatch; High foliar Fe can blacken leaves,Fe+l nonheme iron proteins involved in cold and wet soils; high soil P at high pH; high possibly causing tissue injury; can
Fe-chelates pho~osy~thesis, NI fixation, and pH calcareous soils in arid regions; irrigation induce Mn deficiency; acidic, poorly

respiration water with high HCOl, Ca, Mn, ln, P, or Cu; low drained soils can produce toxic
OM soils, heavy metals from sewage sludge levels of soluble Fe for roots

Manganese Mn Mn+1 Required for activity of enzymes Immobile Sometimes High pH, calcareous soils; peats and muck soils Toxicity to roots in acidic soils
Mn-chelate and photosynthetic evolution of 01 that are at pH> 7.0; dry, warm weather; high (pH <4.8); anaerobic soils, high

levels of Cu, ln, Fe, Na, especially on leached, Mn levels can induce Ca, Fe, and
low CEC soils Mg deficiencies; Si and high

temperatures increase plant
tolerance to Mn toxicity

linc ln In+1 Constituent of enzymes Somewhat Rare Alkaline soils; high levels of Fe, Cu, Mn, P, or Some municipal wastes may be
lnOW mobile N; high soil moisture; cool, wet weather and high in In; high ln may cause

low light intensity; highly weathered, acidic soils chlorosis by inducing Fe or Mg
deficiencies

Copper Cu Cu+1 Constituent of enzymes Somewhat Rare Strong binding of Cu on organic soils; heavily Toxic levels can occur from some
Cu(OHt mobile leached sands; high levels of Fe, Mn, ln, P, sewage sludge or pig/poultry
Cu-chelate and N; high pH manures

Molybdenum Mo MoO -I Constituent of nitrate reductase, Somewhat Rare Deficiencies are usually on acid, sandy soils; Mo toxicities are_ important for
HMob, essential to NI fixation mobile acid soils high in Fe and AI oxides; high levels grazing animals and are associated

of Cu, Mn, Fe, S suppress uptake with high pH soils that are wet

Boron
H~Ol

Indirect evidence for involvement Somewhat Rare High pH can induce deficiencies, especially on B toxicity is much more likely than
B -l in carbohydrate transport mobile leached, calcareous sandy soils; high Ca can deficiencies due to irrigation waterl

restrict B availability; dry soils; high K may high in B; soils naturally high in B;
increase B deficiency on low B soils overapplication of B; use of some

compost amendments

Chlorine CI CI- Required for photosynthesis reactions Mobile Never CI uptake is suppressed by high NOl
- and SO/" CI is a component of many salts

involved in 0
1 evolution that can be directly toxic to leaf

tissues and roots; more often it
reduces water availability by
enhancing total soil salinity

Nickel Ni Ni+1 Essential part of enzyme urease, Never Conditions associated with Ni deficiency are Ni toxicity can arise from use of
which catalyzes hydrolysis of urea not clear due to the rare occurrence of Ni some high Ni sewage sludges
to COI and NH, + deficiency

Adapted from Carrow et aI., 2001
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responses of all of the turfgrass species, overall
SLAN has been the most tried and true nlethod
for estimating plant-available nutrients.
Remember, the numbers that you see on your

report and the associated sufficiency levels are
based upon factors such as type of extractant
used and the specific sufficiency index chosen
for interpretation. The articles by Carrow et al.
(2003 and 2004) contain information about
what are considered medium ranges for various
nutrients based on the extractant used. It is
possible that the recommended range provided
in your report is so high that almost every
situation would indicate fertilizer need. It is all
right if a lab uses a slightly different range as
long as it brackets the ranges provided in the
articles. Your decision, whether or not to apply
fertilizer based on these results, should take into
account the likelihood for nutrient deficiencies
to occur in your situation (see Table 2) as well as
existing turf grass health and performance.

Cation Exchange Capacity
and Base Cation Saturation
Soils have a net negative charge, which
attracts positively charged ions. Thus, cation
exchange capacity (CEC) is a measure of the
amount of cations that a soil can hold at a given
pH that are potentially exchangeable for plant
uptake. CEC is often expressed on a weight
basis as milliequivalents (meq) per 100 grams of
dry soil or centimoles per kilogram (cmol/kg).
A 100 g sample of soil with a CEC of 1 meq
(considered very low) contains 6.02 X 1020
(602,000,000,000,000,000,000) negative charge
sites. Without other information about a sample,
knowledge of the CEC can provide some
indication of the soil texture. Sands with low
organic matter by weight (1-2%) typically have
very low CEC values ranging from 1-3 cmol/
kg, whereas most clay or clay loam soils are 20
cmol/kg or greater.
The CEC is the sum total of basic or base (K+,

Ca+2, Mg+2, and Na+2) and acidic (Al+3 and H+)
cations. The amount of each listed in the report,
divided by the CEC, is the saturation of that ion.
It appears that a majority of turf agronomic con-
sultants (excluding the USGA Green Section
and university scientists) subscribe to the Basic
Cation Saturation Ratio (BCSR) theory for
interpretation of soil test results and fertilizer
recommendations. The theory is based upon
having a base saturation of 80% comprised of

65% Ca, 10% Mg, and 5% K. Fertilizer recom-
mendations are made to attain not only these
percentages, but also desired balances between
any combinations of the nutrients. Having
listened to presentations by those who purport
this "feed the soil" theory, I am not surprised
that a significant number of turf managers buy
into this theory, as it is an impressive display of
pseudoscience and salesmanship.
Unfortunately, the BCSR theory is largely

unfounded, and those who attempt to balance
soil cations on a routine basis are simply wasting
their time and the club's money. To be more
specific, subscribing to the BCSR theory will
likely lead to the following: 1) Increased fertilizer
recommendations and usage that are not neces-
sary relative to the SLAN method. 2) Raising
base saturations in sand-organic matter soils to
near 80% can result in a significant increase in
soil pH, which may lead to other problems such
as greater incidence of take-all or summer patch
diseases. 3) When relying on percentages rather
than quantities of nutrients present in the soil, it
is possible to have a sub-optimum percentage of
a basic cation such as K+ but sufficient levels of
extractable K+ or vice versa. 4) The theory often
overestimates soil Ca and underestimates soil
CEC in greens or other areas containing
calcareous sands or after continuous irrigation
with Ca- and Mg-rich water. 5) It usually results
in over-application of one base cation, which in
turn depletes the availability of the others. Over-
all, Ca and Mg deficiencies are rare in plants
except in unusual circumstances (Table 2).
Until recently, the BCSR theory has not

been tested on turfgrass. However, research
conducted thus far further substantiates the lack
of validity of the theory. When appropriate
amounts of basic cations are applied, based on
sufficiency data, the percent levels of cations
adjust naturally according to soil type. Does all
of this mean that the CEC and base cation
saturation data should be ignored? Not
necessarily. This information can be useful for
managing salt-affected soils (i.e., high Na) and as
a supplement to sufficiency levels to help
determine and evaluate fertility programs.

Soil Nitrogen
Your soil testing laboratory mayor may not
report tests of soil N because most forms of this
nutrient fluctuate too rapidly in the plant-soil
system to be accurate and reliable predictors of
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available N. However, there is hope on the
horizon with utilization of the Illinois Soil
Nitrogen Test. The test, which predicts a more
stable amino form of N, has been developed for
use in production agriculture and currently is
being used to predict either N fertility needs for
turfgrass, or identify turfgrass areas that have
increased potential for nitrate leaching if N
fertilizer is applied. In the meantime, fertilizer
recommendations for N are based on turf re-
sponse and are adjusted by the turf manager
depending on factors such as turf grass species
composition (e.g., Paa m111ua versus bentgrass),
traffic, disease susceptibility, and environmental
stress conditions.

ROOTS ARE THE PRIMARY
SITE OF NUTRIENT UPTAKE
These days I hear a lot about foliar nutrient
applications and products touted as being truly

Sometimes it can be difficult to differentiate between a nutrient deficiency and a disease
or insect problem. Examine the turf thoroughly. In this case, damage from the annual
bluegrass weevil caused yellowing of the turf.

foliar in function. While nutrients can be taken
up by shoots, primarily through trans-cuticular
pores, let's not forget that foliar uptake of
nutrients is minor compared to the effectiveness
of the root system. When you think about it, the
leaf is engineered to absorb light and prevent
water loss. Factors that are likely to limit foliar
uptake include cuticle thickness, rapid drying
before uptake, removal by mowing or precipita-
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tion, and volatility. Last but not least, true
foliar feeding requires a low volume of water
«1 gallon per 1,000 ft2) for retention of spray
droplets in the foliage; conversely, most turf
managers that I know use higher sprayer carrier
volumes to distribute turf protectants deeper
into thatch or the underlying rootzone.
There is no doubt that light and frequent

nutrient application is important in turfgrass
nutrient management, especially on putting
greens and other intensively managed areas.
Call it semantics, but the term liquid fertilization
would better describe the practice whereby
nutrients are sprayed on the foliage, since uptake
can occur by both shoots and roots. The bottom
line is, how much are you spending for your
"true foliar" fertilizer?

NITROGEN UPTAKE
Nitrogen is taken up by the plant primarily in
the forms of ammonium (NH4 +) and nitrate
(N03-) ions and to a lesser extent as urea, which
are then assimilated into amino acids and other
important N compounds for growth and
metabolism. The question then becomes, is it
better or more efficient for plants to circumvent
this process and absorb amino acids directly?
Although uptake of amino acids is possible, my
search of the literature revealed only a scant
reference to amino acid uptake by arctic sedge!
Yet again I pose the question, how much are you
spending for products containing amino acids
and other biostimulants? More research and
product testing are needed to justify both the
cost and efficiency of supplying nutrients to turf
using products like these.

GET THE MOST OUT OF
LATE-SEASON FERTILIZATION
Late fall, or what some call "dormant" fertilizer
applications, are typical on cool-season turf in
northern, temperate climates. The ultimate goal
oflate fall fertilization is to supply N to the plant
for carbohydrate storage, which can enhance
stress tolerance and early spring root growth.
Additional benefits include early spring greenup
and reduced need for early spring fertilization,
which can further enhance shoot growth and
increase mowing frequency. Since soil tempera-
tures remain warmer than the air in the fall,
roots are capable of taking up nutrients even
though shoot growth has essentially ceased. At
the same time, photosynthesis can still be active.



Thus, proper timing is achieved between the
time of the first hard freeze and continuous
snow cover or ground freezing when true plant
dormancy occurs.
Slow-release forms ofN, including natural

organics, are commonly applied in the late fall
to avoid an unwanted flush of growth in the
unlikely event that temperatures rise to above
normal. Unfortunately, depending on the carrier,
much of the N is not likely to be available to the
plant until the following spring, which defeats
the purpose of promoting root rather than shoot
growth. Furthermore, N may be lost in runoff
or leached into groundwater.
It would be better to apply soluble, readily

available forms of N such as ammonium sulfate
to ensure maximum root uptake and carbo-
hydrate storage in late fall. If slow-release N
sources are to be used, then application should
be timed earlier in the fall, when warmer
temperatures permit availability and root uptake.

Less than 1.0 pound ofN per 1,000 ft2 applied
when the turf is able to take up and utilize N
will help to avoid potential losses due to leaching
or runoff There is little evidence that late fall
application of N contributes to low-temperature
injury of cool-season turf grasses as long as
proper rates and timing are followed. On the
other hand, late fall N fertilization may enhance
snow mold activity on turf without a preventative
fungicide application; however, the added N can
also help to hasten turf recovery from disease or
other winter damage.

POTASSIUM FERTILIZATION:
MORE IS NOT ALWAYS BETTER
In addition to its role in important physiological
processes, K also influences tolerance to drought,
cold, high temperature, wear, and salinity stresses.
We also associate the term "luxury consumption"
with K, in that tissue levels adequate for stress
tolerance may be above what is considered

Disease or over-
application of fertilizer?
The granules tell the
story.
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Liquid application
can be an effective
turf fertilization
method, but be
skeptical of claims
that hype foliar
uptake when root
uptake is more
common.

sufficient for growth. Knowing this, it appears
that some turf managers have adopted the "more
is better" approach and apply 2-3 or more times
more K than N on an annual basis. With the
exception of situations involving salt-affected
soils and salt-tolerant species, research has
demonstrated optimal turfgrass stress tolerance
when soil K is maintained in the sufficient range.
Remember that excessive K can contribute to
salinity stress; suppress Mg, Ca, or Mn uptake;
and promote greater incidence of snow mold
diseases.

SUMMARY
Soil fertility and turfgrass nutrition can be
daunting subjects to many turf managers. I hope
this article has helped to clarify and simplify key
principles and practices, and has empowered
you, the turf manager, to take charge of your
turfgrass nutrient program. It doesn't require a
lot of money or guessing to meet the nutritional
needs of your turf Let science be your teacher.
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Using temperature to predict turfgrass growth potential
(GP) and to estimate turfgrass nitrogen use

Micah Woods, Ph.D.*

ABSTRACT
Based on the optimum temperatures for turfgrass
growth, generally considered to be in the range of
16 to 24°C for cool-season grasses and 27 to 35°C
for warm-season grasses, it is possible to model the
potential for the grass to grow at any temperature.
This is the turfgrass growth potential (GP), a value
ranging from 0, meaning no growth is possible, to
1, meaning the temperature is at an optimum for
that grass to grow. The GP is useful in turfgrass
management planning. This document describes
how to calculate GP and introduces one practical
application of this model: estimating turfgrass ni-
trogen requirements.

Grasses that utilize the C3 photosynthetic path-
way are termed cool-season grasses and can grow
most rapidly at a temperature of 16 to 24°C.
Grasses that use the C4 photosynthetic pathway
are able to photosynthesize efficiently at high tem-
peratures. These are termed warm-season grasses
and are expected to grow most rapidly at a temper-
ature range of at least 27 to 35°C.

In addition to temperature, the leaf nitrogen sta-
tus, plant water status, and the quantity of pho-
tosynthetically active radiation (PAR) all influence
turfgrass growth. These four factors – tempera-
ture, nitrogen, water, and light – essentially con-
trol how the turf will grow. Turfgrass managers
can easily modify the nitrogen and the water, but
can do very little about the temperature or light.

By estimating the growth potential (GP), the in-
fluence of temperature on turfgrass growth at any
given time can be predicted. Knowing and antici-
pating the effect of something that cannot be con-
trolled allows turfgrass managers to refine the turf-
grass practices that can be adjusted.

What is growth potential?
Turfgrass managers know that grasses change
their growth rate as the temperatures change
throughout the year, or as different grasses are
grown in different climates (Figure 1). At its most

*Chief Scientist, Asian Turfgrass Center,
http://www.asianturfgrass.com

Figure 1: For both cool-season and warm-season
grasses, the growth potential can be used to pre-
dict how temperature will influence the growth of
any grass, anywhere in the world: a) December,
Barcelona; b) June, Sydney; c) September, Tokyo;
d) February, Bangkok.

simple, the GP can be understood as a way to put a
numerical value on the ability of the grass to grow
at a certain temperature.

The GP (Equations 1 and 2) was developed by
PACE Turf (Gelernter and Stowell, 2005) to de-
scribe the relationship between turfgrass growth
and temperature. The equation to calculate GP
compares the actual temperature to the optimum
temperature for growth, and then returns a value
between 0 and 1. Low values of GP predict slow
growth or if the value is close to 0, dormant turf.
At a value of 0.5, the GP predicts that temperatures
are such that the grass can grow at 50% of its max-
imum rate, and when the GP is 1, grass has the po-
tential to grow at its maximum rate.

Because turfgrass management, at its core, is re-
ally about controlling the growth rate of the grass,
it can be useful to assign a numerical value to the
effect of temperature on growth. This index is GP.

Calculating the growth potential
We start by identifying the center of the optimum
temperature range. For cool season (C3) grasses,
which have an optimum range of 16 to 24°C, this is
20°C. For warm-season (C4) grasses, with the op-
timum range of 27 to 35°C, this is 31°C1. As the

1Although growth of C3 grass declines as temperatures in-
crease beyond the optimum range, for C4 grasses there is not

1 WWW.ASIANTURFGRASS.COM GROWTH POTENTIAL, JUNE 2013
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Figure 2: Growth potential of eight cities calculated using Equation 1; for Miami and Bangkok the
warm-season GP is shown; all other cities are shown with cool-season GP.

temperature moves away from the optimum, the
potential of the grass to grow at its maximum rate
is decreased. The GP provides a simple way to pre-
dict that growth.2 Equation 1 gives the standard
form of the growth potential equation:

GP = e−0.5( t−to
var )2 (1)

where,

GP = growth potential, on a scale of
0 to 1
e = 2.71828, a mathematical constant
t = average temperature for a location, in
°C
to = optimum temperature, 20 for C3
grass, 31 for C4 grass
var = adjusts the change in GP as temper-
ature moves away from to; I suggest 5.5
for C3 and 73 for C4

such a decline because photorespiration does not occur. The
actual growth of C4 grasses seems to remain constant or actu-
ally increase as temperature rise above the optimum range. For
practical purposes of using the GP, this does not matter because
the average temperature, even in the hottest locations at which
turfgrass is grown, remain within the optimum range.

2A more complex growth model would require information
that is not readily available, namely the maximum potential
growth rate of a specific grass variety combined with, at a min-
imum, knowledge of the effect of temperature, plant water sta-
tus, leaf nitrogen content, and photosynthetic irradiance on the
growth of the grass. The temperature-based growth potential is
a simplification but it is easy to use and effective as a planning
and management tool.

3For the equations using the Fahrenheit temperature scale,
see Gelernter & Stowell (2005). I sometimes use a variance of
8.5 for C4 grasses; a variance of 7 for C4 grasses matches almost

The equation written in this form (Equation 2)
gives the same result:

GP =
1

e0.5(
t−to
var )2

(2)

The GP can be easily calculated using a spread-
sheet formatted for your own requirements. PACE
Turf have also prepared a spreadsheet for cal-
culating the monthly GP. This can be down-
loaded at http://www.paceturf.org/index.php/
public/ipm_planning_tools as the Climate Ap-
praisal Form which is conveniently available in
both metric and Fahrenheit temperature scales.
These spreadsheets have also been formatted to
calculate an estimate of monthly nitrogen require-
ments.

Figure 2 shows the GP for eight world cities, on
a monthly basis, and those same data are shown
in Table 1. The average temperatures used in
Equation 1 to calculate monthly GP for these cities
are from the World Meteorological Organization
climatological normals data, available at http://
www.wmo.int/datastat/wmodata_en.html.

Estimating nitrogen require-
ments
One of the most useful applications of the GP is in
estimating how much nitrogen the grass may use.
Because the GP is a value between 0 and 1, we can

exactly the original equation of Gelernter & Stowell. Variance
of 8.5 predicts slightly more growth away from the optimum
temperature than does the original equation.
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Month Reykjavik London Vancouver Barcelona Tokyo Sydney Miami Bangkok

1 0.00 0.01 0.01 0.13 0.03 0.90 0.27 0.77
2 0.00 0.01 0.02 0.16 0.03 0.88 0.31 0.88
3 0.00 0.03 0.04 0.27 0.11 0.96 0.45 0.95
4 0.01 0.09 0.13 0.43 0.56 0.99 0.61 0.98
5 0.04 0.29 0.36 0.76 0.97 0.78 0.77 0.96
6 0.14 0.60 0.68 1.00 0.95 0.51 0.88 0.95
7 0.23 0.82 0.88 0.87 0.64 0.42 0.92 0.93
8 0.21 0.78 0.89 0.86 0.43 0.53 0.92 0.93
9 0.07 0.53 0.58 0.98 0.84 0.76 0.89 0.91

10 0.02 0.24 0.19 0.87 0.91 0.95 0.75 0.91
11 0.00 0.05 0.04 0.39 0.40 1.00 0.53 0.86
12 0.00 0.02 0.01 0.17 0.09 0.95 0.33 0.74

Table 1: Calculated GP for C4 grasses at Miami and Bangkok and for C3 grasses at other cities, by month,
using Equation 1.

simply choose the maximum amount of nitrogen
that we would want to apply in a day, week, or
month, and then multiply that by the GP to give
the predicted amount of nitrogen the grass will use
during that time. If we set a maximum amount of
nitrogen that the grass may use at one time, then
as the GP decreases, so also will the predicted ni-
trogen use decrease.

The GP is based on the optimum temperatures
for photosynthesis of C3 and C4 grasses. In order
to produce maximum carbohydrates and roots, it
makes sense to ensure the grass is supplied with
nitrogen in adequate amounts corresponding to
the ability of the grass to photosynthesize. When
the grass is not able to grow because tempera-
tures are too cool, there is little reason to supply
nitrogen. Using the GP to predict how much ni-
trogen the grass may use throughout the year as
the temperature changes offers turfgrass managers
another tool to optimize the plant’s carbohydrate
production.

Estimated nitrogen use of the grass, based on
maximum monthly use of 3.5 g N m-2 for C3
species and 4 g N m-2 for C4 species, is given in Ta-
ble 2. These data are the result of multiplying the
monthly GP by the selected maximum monthly N
rate.4

The maximum nitrogen rate is something that is
very site-specific. As an example, If I were grow-
ing fine fescue (Festuca spp.), I may set the maxi-
mum nitrogen at about 1.5 g N m-2 mo-1. I would
never use 3.5 g N m-2 for that grass. Not only can
one change the maximum nitrogen amount based
on grass species, but one must adjust the maxi-
mum nitrogen rate based on what type of turf-
grass conditions one is trying to produce. I find
it most useful to slightly underestimate how much
N the grass may use. Remember, we can always
put more fertilizer, but if we have put too much,
we can’t take it back.

4A simple conversion factor for fertilizers is to remember
that 5 g N m-2 is equivalent to 1 lb N/1000 ft2; 1 g N m-2 is
equivalent to 0.2 lb N/1000 ft2.

At Sydney, I might set the maximum at 2 g N
m-2 mo-1, which gives an annual estimated N use
of 19.2 g N m-2. Then, if I were using a growth reg-
ulator such as trinexapac-ethyl, I would reduce the
N rate a further 20% or so. But I could still use the
GP and these simple calculations to estimate when
the grass would use the most N.

At Reykjavik, recognizing that there is a large
amount of traffic on the turf during the long sum-
mer days, and seeing that the temperatures are so
cool that the grass is not easily able to grow quickly
to recover from that traffic, I may set the maximum
at 5 g N m-2 mo-1.

Applications, modifications, and
extensions

Use of GP is not something that is fixed or must be
done in a certain way. The GP is not how the grass
grows – GP is not reality. What it is, however, is
a simple method that can be used to estimate the
reality of how grass grows, and can then be put to
use to assist in turfgrass management.

As an example, one may choose to set an op-
timum temperature (to in Equation 1) of 18°C for
Poa annua rather than the standard 20°C for C3
grasses. And if I were working with GP for kikuyu-
grass (Pennisetum clandestinum), I would use an
optimum temperature of about 25°C, rather than
the standard of 31°C used for other warm-season
grasses. The idea is to use GP to represent the re-
ality of how turf growth is influenced by temper-
ature. GP is simply an index of how the turf may
grow, and the turf manager can put this index to
use in a number of ways.

One can make long-term plans by looking at av-
erage monthly, weekly, or daily temperatures, cal-
culating the relevant GP, and planning based on
those normal temperatures. One can also make
short-term plans by looking at forecast tempera-
tures for the next day or week, calculating an ac-
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Month Reykjavik London Vancouver Barcelona Tokyo Sydney Miami Bangkok

1 0.0 0.0 0.0 0.4 0.1 3.1 1.1 3.1
2 0.0 0.0 0.1 0.6 0.1 3.1 1.2 3.5
3 0.0 0.1 0.2 0.9 0.4 3.4 1.8 3.8
4 0.0 0.3 0.4 1.5 2.0 3.5 2.4 3.9
5 0.2 1.0 1.2 2.7 3.4 2.7 3.1 3.9
6 0.5 2.1 2.4 3.5 3.3 1.8 3.5 3.8
7 0.8 2.9 3.1 3.0 2.2 1.5 3.7 3.7
8 0.7 2.7 3.1 3.0 1.5 1.9 3.7 3.7
9 0.3 1.9 2.0 3.4 3.0 2.7 3.6 3.6

10 0.1 0.8 0.7 3.0 3.2 3.3 3.0 3.6
11 0.0 0.2 0.1 1.4 1.4 3.5 2.1 3.4
12 0.0 0.1 0.0 0.6 0.3 3.3 1.3 3.0

Annual 2.6 12.1 13.4 24.2 20.9 33.7 30.5 43.1

Table 2: Example of monthly and annual estimated nitrogen requirement of grasses, in units of g N m-2,
based on a maximum monthly application of 4 g N m-2 at Miami and Bangkok and 3.5 g N m-2 at the
other locations.

tual GP based on the current situation rather than
on the average.

For C3 grasses, high-temperature stress can be a
concern. Based on the adjustments one makes to
Equation 1, one can get an index of just how much
stress the grass may be under during the hottest
months of the summer.

I think it is interesting to look at GP before
scheduling core aerification and other disruptive
maintenance practices. I always like to minimize
disruption to the playing surface, and if these
maintenance activities can be scheduled at a time
with a high GP, the recovery time will be fast, and
disruption time minimized.

Nitrogen is not the only element that can be
managed based on GP. For many turfgrass sites
the amount of nitrogen applied controls the uptake
of other macronutrients (Petrovic et al., 2005; Kus-
sow and Houlihan, 2006), and therefore the GP ap-
proach could easily be adapted for those elements
as well.5

More information
I have written extensively about GP and its appli-
cation in turfgrass management. These documents
provide more information and examples.

1. Understanding turfgrass nutrient require-
ments, http://calendar.asianturfgrass.
com/understanding_turfgrass_nutrient_
requirements_5june2012.pdf

2. Nutrient requirements of tropical turf-
grass, http://www.files.asianturfgrass.
com/20130311_woods_handout_nutrient_
requirements_tropical_turfgrass.pdf

5This approach is implemented in the minimum levels
for sustainable nutrition (MLSN) guidelines. For more infor-
mation see http://www.paceturf.org/index.php/journal/
minimum_level_for_sustainable_nutrition.

3. Turfgrass nitrogen requirement and growth
potential, http://bit.ly/NGD58X

4. En español, Predecir los requerimientos
nutricionales y el crecimiento del césped,
http://files.asianturfgrass.com/gp_
aedg_abril_2013.pdf

5. ����, ������������,
http://calendar.asianturfgrass.com/
understanding_turfgrass_nutrient_
requirements_5june2012_jp.pdf

These documents also provide additional expla-
nations of GP and its practical use.

• This article from GCM explaining GP:
http://www2.gcsaa.org/GCM/2005/
march05/pdfs/Weatherrole108-113.pdf

• Blog post from Jason Haines explaining
how he uses GP to optimize turfgrass per-
formance at Pender Harbour Golf Club:
http://penderharbourgolf.blogspot.ca/
2012/09/how-much-nitrogen.html
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Nutrient Requirements of Tropical Turfgrass1 1 This handout is a supplement to the
presentation given on this topic at the
Sustainable Turfgrass Management
in Asia 2013 conference at Pattaya,
Thailand.

Micah Woods, Ph.D.
11 March 2013

High performance turf requires enough nutrients, and an important
question turfgrass managers must answer is “what amount of each
mineral nutrient should I supply to the grass?” By looking at what is
in the grass and estimating how much is harvested when leaves are
removed from the plant, we can estimate how much of each element
is used. Another, more general approach, is to use the temperature-
based growth potential (GP) to predict the growth and the nutrient
use of the grass. Once we have that estimate of nutrient use, we can
compare the amount used to the amount available in the soil, and
that information forms the basis for the development of a science-
based and efficient fertilizer program.

Nonmineral Mineral

Hydrogen Nitrogen
Oxygen Phosphorus
Carbon Potassium

Calcium
Magnesium
Sulfur
Boron
Chlorine
Iron
Manganese
Zinc
Copper
Molybdenum
Nickel

Table 1: The 17 essential elements for
plants, divided into nonmineral and
mineral

The logical place to start is to look at what is in the grass
leaves. There are 14 essential mineral elements for plants (Table 1)
and 3 essential nonmineral elements. The nonmineral elements,
carbon, hydrogen, and oxygen, are taken up by plants as carbon
dioxide from the atmosphere and as water from the soil. Mineral
elements are taken up by the roots and a portion of them can also
be absorbed through the foliage.

Leaf nutrient content and the controlling role of nitrogen

If we were to analyze the grass leaves for mineral nutrient content,
we would find nitrogen in the largest amount, usually at about 4%,
then potassium, usually at about 1.5% to 2%, and then phosphorus
and calcium, which are found in similar amounts, usually just
under 0.5%. Table 2 shows the relative amounts of the eight mineral
elements found in the highest concentration in leaves.

Element Percent %

Nitrogen 4
Potassium 2
Phosphorus 0.5
Calcium 0.5
Magnesium 0.2
Sulfur 0.1
Iron 0.01
Manganese 0.005

Table 2: Approximate percentage of
the most abundant mineral elements in
the leaves of many turfgrass species

Grass will grow faster when more nitrogen is applied. But turf-
grass managers apply less nitrogen than the grass can use. It is
important to recognize that turfgrass managers use this technique
to produce the desired growth rate and the desired turfgrass condi-
tions. For both cool-season2 and warm-season grasses3, the actual

2 Wayne Kussow and Steven Houlihan.
The new soil test interpretations for
Wisconsin golf turf. The Grass Roots,
pages 19–25, May-June 2006
3 E.A. Guertal and D.L. Evans. Nitro-
gen rate and mowing height effects on
TifEagle bermudagrass establishment.
Crop Sci., 46:1772–1778, 2006; and L.E.
Trenholm, A.E. Dudeck, J.B. Sartain,
and J.L. Cisar. Bermudagrass growth,
total nonstructural carbohydrate con-
centration, and quality as influenced
by nitrogen and potassium. Crop Sci.,
38:168–174, 1998

amounts of nitrogen applied to the turf are considerably less than
what the grass can use.

Because nitrogen is the mineral element required in the largest
amount by the grass, and because nitrogen supply is always less
than the grass can use, it becomes apparent that nitrogen controls
clipping production and thus nitrogen also controls the turfgrass
uptake of the other essential elements.
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How much is removed by mowing

Mowing removes nutrients from the grass by cutting the
leaves. In the situation where clippings are returned to the turf,
most of the nutrients are recycled by the turf. When clippings are
harvested, as is the common practice on golf course putting greens
and other high maintenance turfgrass areas, the nutrients in the
leaves are removed with the clippings.

During periods of active growth, when maintained using stan-
dard management techniques and nitrogen rates, I estimate that
maximum clipping removal from turfgrass4 may be about 100 to

4 Tim L. Springer. Biomass yield from
an urban landscape. Biomass and
Bioenergy, 37, 82-87 2012

125 grams of dry matter per m2 per month.
One of the ways we can determine the nutrient requirement is

simply to replace the nutrients that are removed by mowing. How-
ever, we cannot measure the exact amount of leaf clippings that are
harvested. Also, the growth rate of the grass changes throughout
the year in response to temperature, soil moisture, and light inten-
sity. Because we are not able to measure the exact nutrient loss by
mowing, a general model of growth can help us to predict nutrient
requirements.

Temperature-based growth potential

The growth potential (Equations 1 and 2) was developed
by PACE Turf 5 to describe the relationship between turfgrass

5 Wendy Gelernter and Larry Stowell.
Improved overseeding programs
1. the role of weather. Golf Course
Management, pages 108–113, March
2005

growth and temperature. Cool season (C3) grasses have their great-
est growth rate when the temperature is about 20°C, with slower
growth at lower or higher temperatures; warm-season grasses (C4)
have their greatest growth rate when the temperature is 31°C or
above, with slower growth at cooler temperatures. The growth po-
tential provides a simple way to predict that growth.6

6 A more complex growth model
would require information that is
not readily available, namely the
maximum potential growth rate of a
specific grass variety combined with,
at a minimum, knowledge of the effect
of temperature, plant water status, leaf
nitrogen content, and photosynthetic
irradiance on the growth of the grass.
The temperature-based growth poten-
tial is a simplification but it is easy to
use and effective as a planning and
management tool.

GP = e−0.5( t−to
var )2

(1)

GP = growth potential, on a scale of 0 to 1
e = 2.71828, a mathematical constant
t = average temperature for a location, in °C
to = optimum temperature, 20 for C3 grass, 31 for C4 grass
var = adjusts the change in GP as temperature moves
away from to; I use 5.5 for C3 and 8.5 for C4

For the equations using the Fahrenheit
temperature scale, see Gelernter &
Stowell (2005). Use a variance of 7
for C4 grasses if you want to match
almost exactly the results of Gelernter
& Stowell. Variance of 8.5 predicts
slightly more growth away from the
optimum temperature than does the
original equation.

This equation gives the same result.

GP =
1

e0.5( t−to
var )2

(2)

Figure 1: The predicted growth po-
tential for cool-season (C3) and warm-
season (C4) grasses

Figure 1 shows the growth potential as calculated by equation 1
across the range of temperatures from 0 to 31°C. For warm-season
grasses, the growth potential rises above 0.1 at 13°C. We can inter-
pret a growth potential of 0.1 as being 10%, and at that tempera-



nutrient requirements of tropical turfgrass 3

ture, all other things being equal, the grass would have the poten-
tial to grow at about 10% of its maximum rate. At a temperature of
17°C the growth potential for warm-season grass reaches 0.25, and
this model predicts that 21°C is an average temperature at which
growth potential will be 0.5.

Above an average temperature of 25°C, this model predicts
warm-season grass will have a growth potential more than 0.75.
For cool-season grass, the growth potential declines quickly7 above 7 The reason for this rapid decline is

photorespiration, which increases
more rapidly than photosynthesis
as temperatures rise above 20°C.
Photorespiration, which occurs in
C3 grasses but not in C4 grasses,
essentially undoes the reactions of
photosynthesis.

a temperature of 25°C. At a location such as Bangkok or Singapore,
the average temperature is always above 25°C, and thus the warm-
season growth potential is always above 0.75 in those locations. In
looking at Hong Kong, Shanghai, and Sydney (Figure 2) we can see
the seasonal changes that occur in growth potential.

Figure 2: Growth potential calculated
using equation 1 based on average
monthly temperatures for these citiesHong Kong is slightly warmer, on average, than Shanghai, so

we can see that the growth potential for warm-season grasses is
slightly higher at Hong Kong than at Shanghai. And we also can
see that average temperatures at Sydney are more moderate, with
cooler summers than both Hong Kong and Shanghai, but with a
warmer winter than Shanghai and only a slightly cooler winter
than Hong Kong. The growth rate and consequently the nutrient
requirements of the grass are strongly influenced by temperature,
and we can use the growth potential to predict the nutrient require-
ments of the turf.
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Linking the leaf nutrient content with growth potential to predict
nutrient requirements

Nitrogen

We can make use of the growth potential by relating the nitro-
gen requirement of the grass to the growth potential. Empirical
observations of turfgrass growth rates and nitrogen amounts to
create the desired playing conditions for golf course turf in 2013
give us a maximum monthly nitrogen use rate8 of about 4 g N m-2 8 These estimates are general and only

serve as a starting point. Every golf
course will have a slightly different
maximum level, based on the desired
growth rate of the grass. We can
make the grass grow faster with
more nitrogen, and slower with less
nitrogen, and these values are based
on standard conditions.

for bermudagrass (Cynodon) and 3 g N m-2 for seashore paspalum
(Paspalum vaginatum) and manilagrass (Zoysia matrella).

When the growth potential is 1, the grass can grow at its maxi-
mum rate, the clipping harvest of nutrients will be at a maximum,
and that is when the estimated nitrogen use rate will be at a maxi-
mum. When the growth potential is less than 1, the clipping harvest
will be less than the maximum, and thus the nitrogen use of the
grass will be correspondingly less. And when the growth potential
is 0, the grass will not grow at all, the clipping harvest of nutrients
will also be 0, and the nitrogen use rate will be 0.

We can then simply calculate the estimated nitrogen requirement
for a given amount of time by multiplying the growth potential
times the maximum monthly nitrogen rate.

Potassium

As shown in Table 2, the average potassium content of turfgrass
leaves is usually about half that of nitrogen. The potassium re-
quirement of the grass, then, is about half that of nitrogen. If the
maximum nitrogen rate were 4 g m-2 mo-1, then the maximum
potassium rate would be 2 g m-2 mo-1. Adding more potassium
than the grass can use9 will not provide any benefit to the grass.

9 Grady Miller. Potassium application
reduces calcium and magnesium
levels in bermudagrass leaf tissue
and soil. HortScience, 34(2):265–268,
1999; George H. Snyder and John L.
Cisar. Nitrogen/Potassium fertilization
ratios for bermudagrass turf. Crop
Sci., 40:1719–1723, 2000; and Micah S.
Woods, Quirine M. Ketterings, and
Frank S. Rossi. Measuring the effects
of potassium application on calcium
and magnesium availability in a
calcareous sand. International Turfgrass
Society Research Journal, 10(2):1015–
1020, 2005

Even in situations when the soil contains as much or more
sodium than potassium, it is not necessary to apply extra potas-
sium, at least for bermudagrass turf.10

10 George H. Snyder and John L. Cisar.
Potassium fertilization responses as
affected by sodium. International
Turfgrass Society Research Journal, 10:
428–435, 2005

Other elements, with calcium as an example

The same approach as used for potassium can be applied to the
other elements. We can use the growth potential to predict how
much the grass may grow, and consequently how much of an ele-
ment it may use at any time, recognizing that nitrogen controls the
uptake of the other mineral elements.

Let’s take calcium as an example, for a bermudagrass green at
Bangkok in the month of March. The growth potential at Bangkok
in March is 0.96. For simplicity let’s just round that up to 1. And
let’s assume that we have decided that our desired growth rate for
bermudagrass is achieved at a maximum monthly nitrogen use of
4 g m-2. The ratio of nitrogen to calcium in bermudagrass leaves is
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about 8:1, with there being close to 4% nitrogen in leaves compared
to about 0.5% calcium. So if we estimate that the grass is using 4 g
N m-2 in March, then it can only use 1/8th as much calcium, or 0.5
g m-2.

Using a spreadsheet or other software program, it is a matter of
just a few minutes to estimate nutrient use rates of the grass at your
location given your desired maximum growth rate.11 11 The growth potential can be applied

on a daily, weekly, or monthly basis,
as can the associated nutrient use
estimates. To get annual estimates of
nutrient requirements, as shown in
Table 3, we can sum the daily, weekly,
or monthly estimates.

But simply knowing how much the grass is using is not enough.
If there is already enough of an element in the soil, adding more as
fertilizer will have no effect on the grass.

How much is harvested relative to how much is in the soil

The previous sections have described how to estimate the nu-
trients that are used by the grass. In that sense we may say they are
required by the grass. But are they required as fertilizer? They are
if there is not enough of the element available in the soil to meet
the plant requirements. But for most elements other than nitrogen,
phosphorus, and potassium, the amounts in the soil are usually
sufficient to meet the needs of the grass.

The minimum levels for sustainable nutrition (MLSN) guidelines
have been developed12 to provide guidance to turfgrass managers 12 Micah S. Woods and Larry Stowell.

Minimum levels for sustainable nutri-
tion soil guidelines. Technical report,
Asian Turfgrass Center and PACE Turf,
2012

in soil test interpretation and especially in determining whether
the amount of an element in the soil is adequate to meet the plant
requirements. The latest version of the MLSN guidelines can be
downloaded at http://www.paceturf.org/PTRI/Documents/1202_
ref.pdf.

Taking the location of Bangkok as an example, using the growth
potential model, and setting a maximum nitrogen rate for bermuda-
grass of 4 g N m-2, we have an estimated annual harvest of ele-
ments as shown in Table 3. The MLSN guidelines are shown for
reference, and it is clear in comparing the estimated use of elements
by the grass with the amount in the soil at the MLSN guideline that
only nitrogen, potassium, and phosphorus tend to have an esti-
mated harvest greater than the amount in the soil. Calcium, mag-
nesium, and sulfur, however, even at the low MLSN guideline, are
present in the soil at greater amounts than the grass is estimated to
use in one year, and thus they are rarely required as fertilizer.

Element Estimated harvest MLSN MLSN Deficit
g m-2 yr-1 ppm g m-2 g m-2

N 44.6 na na -44.6
K 22.3 35 5.2 -17.1
P 5.6 18 2.7 -2.9

Ca 5.6 360 53.7 none
Mg 2.2 54 8.1 none

S 1.1 13 1.9 none

Table 3: Estimated annual harvest of
N, K, P, Ca, Mg, and S from bermuda-
grass at Bangkok assuming maximum
N rate of 4 g N m-2 mo-1 when growth
potential is 1. The current MLSN
guidelines are shown in both ppm and
equivalent g m-2 units. Deficit shows
the amount the estimated harvest will
exceed the MLSN guideline.



What Fertilizer Should I Use?1 1 This handout is a supplement to the
presentation given on this topic at the
Sustainable Turfgrass Management
in Asia 2013 conference at Pattaya,
Thailand.

Micah Woods, Ph.D.
13 March 2013

When choosing a fertilizer, the first step is to identify which elements
are necessary to apply and to determine how much of each is re-
quired. Then the costs of various sources of those elements should
be determined. One must also make a decision on whether to ap-
ply fast-release or slow-release forms of nitrogen. Depending on the
fertilizer type and the application equipment available, one will also
decide between granular or liquid application of the fertilizer.

This document provides a guide to determining what nutrients
are required, in what quantities, and it gives some of my thoughts
related to the use of different types of fertilizers. There are many
ways to do this. This is how I would do it. Let’s imagine that we
will answer the question “what fertilizer should I use?” for a golf
course near Bangkok in central Thailand.

To illustrate the steps we will take in answering that question,
this discussion concerns the ultradwarf bermudagrass putting
greens on the hypothetical course. For simplicity, I will imagine the
total surface area of the greens to be 10 000 m2 or 1 ha. However, the
same steps that I discuss here can be applied to any turfgrass area.

Mineral

Nitrogen
Phosphorus
Potassium
Calcium
Magnesium
Sulfur
Boron
Chlorine
Iron
Manganese
Zinc
Copper
Molybdenum
Nickel

Table 1: The 14 essential mineral
elements for plants

Which elements are required?

The essential mineral elements are listed in Table 1. Not all
of these are required as fertilizer – for many of the elements the
grass can obtain all that it needs from the soil without a need for
supplemental fertilizer.

To determine which elements must be applied as fertilizer, we
can estimate plant requirements using the temperature-based
growth potential of PACE Turf2 as described in my previous 2 Wendy Gelernter and Larry Stowell.

Improved overseeding programs
1. the role of weather. Golf Course
Management, pages 108–113, March
2005

handout.3 In this hypothetical case of deciding which fertilizers

3 Micah S. Woods. Nutrient require-
ments of tropical turfgrass. Technical
report, Asian Turfgrass Center, 2013

to use for 1 ha of bermudagrass greens in central Thailand, I will
estimate the maximum monthly nitrogen use of the grass to be
3.2 g/m2/mo.

This is 20 % less than the 4 g/m2/mo I suggested for bermuda-
grass in the previous handout. There are two reasons for this.

1. I expect that I will regularly apply the growth regulator trinexapac-
ethyl (Primo Maxx) to these greens. These applications will re-
duce the clipping production of the grass and will also reduce
the amount of nitrogen and other nutrients that are harvested
through clippings.4 4 Patrick E. McCullough, Haibo Liu,

Lambert B. McCarty, Ted Whitwell,
and Joe E. Toler. Bermudagrass putting
green growth, color, and nutrient
partitioning influenced by nitrogen
and trinexapac-ethyl. Crop Science, 46:
1515–1525, 2006

2. I prefer to be conservative when planning how much nitrogen
to apply. Once it is applied, we can’t take it back. But if we have
slightly under-estimated how much the grass may use, we will
easily see it and can add a little bit more nitrogen.
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Based on the growth potential for Bangkok and a maximum
monthly nitrogen use of 3.2 g/m2/mo, and assuming leaf nutrient
content is as in Table 2, then over the course of a year, the grass will
use the elements in the amounts shown in Table 3. But what the
grass uses is not necessarily the same as what we need to apply as
fertilizer. We should account for what the grass will obtain from the
soil.

Element Percent %

Nitrogen 4
Potassium 2
Phosphorus 0.5
Calcium 0.5
Magnesium 0.2
Sulfur 0.1
Iron 0.01
Manganese 0.005

Table 2: Approximate percentage of
the most abundant mineral elements in
the leaves of many turfgrass species

Element Annual Use
g/m2/yr

Nitrogen 35.6
Potassium 17.8
Phosphorus 4.5
Calcium 4.0
Magnesium 1.8
Sulfur 0.9
Iron 0.1
Manganese 0.01

Table 3: Estimated annual use of the
most abundant mineral elements in
turfgrass leaves using the growth
potential for Bangkok and a maximum
monthly nitrogen use of 3.2 g/m2/mo

How much of each element is required?

We must know how much is in the soil before we can determine
how much to apply as fertilizer. We can use the MLSN guidelines5

5 Micah S. Woods and Larry Stowell.
Minimum levels for sustainable nutri-
tion soil guidelines. Technical report,
Asian Turfgrass Center and PACE Turf,
2012

to interpret the results of a soil test.
Let’s assume we have tested the greens and found a pH of 6.6

with Mehlich 3 extractable K, P, Ca, and Mg at 84, 44, 519, and 69
ppm, respectively.6 The Fe and Mn are used in tiny amounts by

6 These are typical values for greens
in Southeast Asia. In an analysis of
100 greens tested by Asian Turfgrass
Center in five countries of Southeast
Asia, these were the median values. So
in this hypothetical case, we are also
dealing with a typical one.

the grass so we won’t worry about them. We may occasionally add
them in a micronutrient fertilizer. The S is required in relatively low
amounts by the grass and we will supply some through planned
applications of ammonium sulfate or other sulfate-containing fertil-
izers through the year, so we won’t look at that in detail here.

That leaves us with N, K, P, Ca, and Mg with estimated use as
in Table 3 and with soil amounts as mentioned. We can convert the
soil amounts which are in ppm to the same amount we think of for
fertilizers, in mass per area. To do this, I assume average annual
root depth of 10 cm and a soil bulk density of 1.5 g/cm3. This gives
us a conversion factor of 6.7. If we apply any element at a rate of
1 g/m2, it will increase the soil concentration in the top 10 cm by
6.7 ppm.

Now we can directly compare the available nutrients in the soil
to the nutrients the grass is expected to use.

Element Annual Use Amount in Soil Annual Deficit
g/m2/yr g/m2/yr g/m2/yr

Nitrogen 35.6 na 35.6
Potassium 17.8 12.5 10.5
Phosphorus 4.5 6.6 0.6
Calcium 4.0 77.5 none
Magnesium 1.8 10.3 none

Table 4: For our hypothetical bermuda-
grass at central Thailand, using a
maximum estimated nitrogen use of
3.2 g/m2/mo at a growth potential
of 1 , and using typical soil nutrient
levels, the estimated annual use com-
pared to the amount in the soil for N,
K, P, Ca, and Mg.

Table 4 shows in the deficit column just how much of each ele-
ment we need to apply over the course of the year to supply what
the grass is expected to use and to keep the amount of that element
above the MLSN guideline in the soil.

For N, there is very little in the soil, and we are using growth
potential rather than soil test level to determine how much N to
apply. The grass is expected to use more K than is available in the
soil, so to meet the plant requirements, and to keep soil K above the
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MLSN guideline of 35 ppm, we need to add 10.5 g K/m2/yr. There
is almost enough P in the soil to meet the plant requirements, but
not quite enough; we will need to apply 0.6 g P/m2/yr to ensure
the plant has enough P and that soil P remains above the MLSN
guideline of 18 ppm.

There is more than enough Ca and Mg in the soil to meet the
needs of the grass and to keep the soil level above the MLSN guide-
lines for those elements, so no Ca or Mg are necessary as fertilizer
in this year.7 7 The soil should ideally be tested

annually to monitor changes in soil
nutrient content and to calculate
the fertilizer requirement for the
upcoming year.

What is the cost of the fertilizer?

Nitrogen and potassium will be the elements required in the
largest amounts as fertilizer in most situations. Urea is the nitro-
gen fertilizer with the lowest price. Potassium chloride (KCl) is the
potassium fertilizer with the lowest price. We do not always want
to use the fertilizers with the lowest price, but we should deter-
mine what the lowest possible product cost is before selecting any
fertilizer.8 8 Stanley J. Zontek, Dave A. Oatis,

Darin Bevard, Keith Happ, Jim Skorul-
ski, Bob Vavrek, and Adam Moeller.
Does the grass know the cost? Green
Section Record, pages 32–36, May-June
2010

For any fertilizer more expensive than urea or KCl, we can then
determine if the difference in price between the lowest cost option
and the more expensive option is worth it. This value could come
from a slow-release formulation that saves in labor costs or from
a fertilizer formulation that is easier to apply. The plant takes up
urea or ammonium or nitrate, and potassium is taken up as the
potassium ion, [K+].

The source of N or K does not matter to the plant when it comes
to supplying these nutrients,9 but a slow-release formulation can 9 J.B. Sartain. Tifway bermudagrass

response to potassium fertilization.
Crop Sci., 42:507–512, 2002; and E.A.
Guertal. Fertilization of bentgrass with
commercial foliar products: Green-
house evaluations. Applied Turfgrass
Science, pages doi:10.1094/ATS–2010–
0914–01–RS, 2010

provide significant savings in labor costs, and a formulation that is
easy to apply with a facility’s existing equipment will also provide
value.

For our 1 ha of bermudagrass turf, we have estimated a nitro-
gen requirement of 35.6 g/m2/yr and a potassium requirement of
10.5 g/m2/yr. Urea is 46% N and KCl is 52% K.10 For one hectare, 10 On a fertilizer bag we see 0-0-60 for

the analysis of KCl because the 60% is
on a K2O equivalent basis.

we will need 774 kg of urea and 202 kg of KCl.
At Thailand, the recent price of urea was 16.4 baht/kg and the

price of KCl was 18 baht/kg. This is approximately $0.55 /kg for
urea and $0.60 /kg for KCl. The cost for our nitrogen and potas-
sium for the year then is just 12,700 baht for 774 kg of urea and
3,640 baht for 202 kg of KCl. The total cost is 16,340 baht or US
$547.

Fast release or slow release nitrogen

There are many types of fertilizer and many types of slow re-
lease nitrogen sources.11 For putting greens, my preference is to

11 J.B. Sartain and J.K. Kruse. Selected
fertilizers used in turfgrass fertiliza-
tion. University of Florida Extension,
April 2001
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use fast release nitrogen because that allows me to control pre-
cisely the supply of nitrogen to the grass and thus the growth rate
of the grass. This is not the only way to manage the grass, as there
is a recent trend for some turfgrass managers to use only granular
(and I presume only slow-release) nitrogen sources on ultradwarf
bermudagrass.12 12 Todd Lowe. Changing times in

ultradwarf bermudagrass putting
green management. Green Section
Record, 50(13):1–3, June 2012

Fast release nitrogen should not be applied in a single applica-
tion at rates exceeding 2 g N/m2. It is typical to apply fast release
nitrogen at rates of 0.5 g N/m2 to 1.25 g N/m2.13 You will see that

13 I have heard of some golf courses
applying fast release nitrogen at rates
of up to 5 g N/m2 in a single appli-
cation. This is not advisable. A high
performance putting green will only
use about 0.2 g N/m2/day. Adding
more than 2 g of fast release N/m2 in
a single application will cause unde-
sirably rapid growth. Adding more
than 3 g of fast release N/m2 in a
single application will also increase
soil available nitrogen above 20 ppm
which has been identified as poten-
tially damaging to turf. Slow release
nitrogen can be applied at high rates.
Fast release nitrogen should be applied
at low rates.

to meet the annual requirement of 35.6 g N/m2/yr, I will have to
make about 36 applications of fertilizer per year. If I do not have
equipment that makes those applications easy, or if have high la-
bor costs that would make a huge difference in labor cost between
12 applications, which is what we expect when using slow release
nitrogen, and 36 applications, then it makes sense to consider slow
release fertilizers instead.

Liquid or granular application

When applying low rates of nitrogen, it is impossible to get
even coverage across the turf surface when using granular prod-
ucts. We then tend to get spotting of the turf with some areas turn-
ing green where a fertilizer granule has landed, and other areas
remaining more yellow because a fertilizer granule did not land
in that area. At high rates of nitrogen, there are a lot of granules
and then the surface does not get spotted. Because I chose to use
fast release nitrogen, and because we don’t want to exceed a rate
of 2 g N/m2 in a single application with fast release sources, I will
choose to make liquid applications.

Of course the question of liquid versus granular and fast versus
slow release must be considered for each area of the property. I
may not mind making 36 applications of liquid fertilizer to 1 ha
of greens in a year, but I don’t want to do that to 35 ha of rough! I
would make a different choice for the rough.

Foliar uptake of nutrients

There is foliar uptake of some nutrients. With nitrogen the up-
take by the leaves is usually about 50% of the applied amount14

14 J. Chris Stiegler, Michael D. Richard-
son, and Douglas E. Karcher. Foliar
nitrogen uptake following urea ap-
plication to putting green turfgrass
species. Crop Science, 51:1253–1260,
2011

although some researchers find uptake is usually less than 50%.15 15 Bruce Branham, Shelby Henning,
and Richard Mulvaney. Optimization
of foliar nitrogen nutrition to improve
turfgrass performance under shade or
mowing stress. USGA Turfgrass and
Environmental Research Online, 9(19):
1–5, October 2010

Because only some of the elements applied will be absorbed by the
foliage, and half or more remain on the leaf and can be rinsed off
into the soil for root uptake, I prefer to use the term liquid fertiliza-
tion rather than foliar fertilization when describing liquid fertilizer
applications.
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Putting green aeration and topdressing are
literally and figuratively dirty words. Golfers
begrudgingly accept the fact that to protect

the long-term health of the grass on a putting
green, it is necessary to aerate and top dress each
year.With more sophisticated products and tech-
niques, gone are the days when putting greens
were aerated in the spring and fall and buried in a
blanket of sand. But lost in the changes to these
programs may be an incomplete understanding of
how much aeration and topdressing are needed to
protect the long-term health of the greens.
The long-term health of putting greens

depends on maintaining sand as the primary
medium. If organic matter accumulates beyond a
reasonable degree, the physical benefits of sand are
diminished and putting green physical properties
decline along with the health of the turf. For too
long golf courses have been making changes in
their aeration and topdressing programs without

comparing these changes to a standard or target
level. A previous Green Section Record article titled
"Core Aeration by the Numbers" detailed how
tine size and spacing affects the amount of surface
area impacted by an aeration treatment and made
a recommendation to impact 15-20% of the
surface each year (O'Brien and Hartwiger, 2001).
This recommendation did not go far enough
because it did not include surface topdressing
applications, which go hand in hand with core
aeration in diluting organic matter accumulation.
This article expands upon these concepts and
links core aeration and sand topdressing.

THE SIGNIFICANCE OF CORE
AERATION AND SAND TOPDRESSING
According to University of Georgia turfgrass
researcher Dr. Bob Carrow, the number-one
problem experienced on sand-based putting
greens is the excessive accumulation of organic

Using dry sand
and the proper
topdressing
equipment improves
worker productivity
and helps reduce
golfer complaints.
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matter in the upper portion of the soil profIle
(Carrow et al., 2002). Core aeration and sand
topdressing are the two most effective means to
control the content and distribution of organic
matter in this zone. The scientifIc literature is full
of references to the benefIts of core aeration and
sand topdressing. Unfortunately, details on how
much aeration and topdressing are needed are
lacking.
The moment any type of grass is planted on

a putting green rootzone mix, the soil physical
properties in the upper
few inches of the root-
zone begin to change
(Habeck and Christians,
2000; Curtis, 2001).
In a new putting green
the cycle of root
growth, decline, and
new growth is repeated
year after year. Roots
grow down through
the soil in the large soil

pores (macropores) and provide the plant with
needed water, oxygen, and nutrients. When a
root is no longer viable, it begins to plug up soil
macropores and can hinder the ability of living
plants to function.
Dr. Carrow conducted extensive research

(Carrow, 1998) in the mid-1990s on the organic
matter dynamics in the rootzone of sand-based
putting greens. He concluded as organic matter in
a sand-based putting green reaches 3-4% by
weight, the percentage of soil macropores begins
to decrease. The reduction of pore space has three
distinct implications, and a host of primary prob-
lems can be expected: 1) The diffUsion of oxygen
into the rootzone begins to decline. Oxygen is
vital for plant growth as well as soil microorganism
balance and function. 2) Water infiltration de-
creases, which can result in puddling and satura-
tion of the surface. 3) Moisture content in the
upper rootzone increases, which can make the
surface less fIrm. The decrease in macropores
(aeration pores) is accompanied by an increase in
capillary or water-holding pores.
If organic matter accumulation begins to

exceed 3-4% by weight, putting greens become
vulnerable to a host of secondary problems such
as disease, wet wilt, soft surfaces, poor root growth,
black layer, and more frequent high-temperature
injury. These secondary problems are often called
summer bentgrass decline (Carrow et al., 2002),
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and trYing to treat them curatively can be expen-
sive.They occur often at courses that have not
adequately aerated and topdressed the greens.
Many of these courses are doomed to many years
of frustration because they are not willing to
make the effort to do the additional aeration and
topdressing needed to prevent the situation.
Dr. Carrow's research shows that core aeration

and applYing sand can help dilute organic accumu-
lation and create new macropores. The remainder
of this article will be devoted to developing an
aeration and topdressing program that keeps
organic matter levels below 3-4% by weight. This
proactive approach ultimately will cause less dis-
ruption and be less expensive than trYing to
alleviate primary and secondary problems through
a curative approach.
The organic matter dilution program is a catch-all

term that includes core aeration accompanied by
sand topdressing to fill the holes and sand top-
dressing applied directly to the surface. References
to core aeration refer only to hollow-tine aeration
at a standard depth of 3 inches. Aeration depth
can vary signifIcantly based upon machine and
type of tine used. Deep-tine aeration or similar
practices designed to correct deep rootzone issues
are not considered. Suiface topdressing refers to sand
applied directly to the turf grass canopy. Light,
medium, and heavy topdressing applications are
approximately 0.50 ft: per 1,000 ft?, 2.0 ft: per
1,000 fe, and 4.0 fe per 1,000 ft?, respectively.

AERATION AND TOPDRESSING
RECOMMENDATIONS
The case has been made for the importance of
using core aeration and sand topdressing to dilute
the accumulation of organic matter. The question
is, How much of each needs to be done? We pro-
pose answering this question in a slightly different
way.The answer requires linking the topics of
aeration and topdressing together. We link the
two together because they are the key elements in
an organic matter dilution program. Core aeration
removes organic matter. Filling the holes with
sand makes sure those columns stay open. Dust-
ings of sand applied directly to the surface also
help manage organic matter accumulation.
ApplYing at least 40-50 ft: of sand per 1,000 ft?

per year is recommended to keep organic matter
content below 3-4% by weight in the upper
portion of the rootzone. Although this recom-
mendation is brief, understanding all its ramifIca-
tions is more complex, and it should stimulate



many questions that will be addressed in the
following sections.

UNDERSTANDING SAND VOLUMES
Rates of sand topdressing can be difficult to
conceptualize. Table 1 shows quantities of sand
expressed in different units and yields some
interesting comparisons. Conveniently, it turns
out that 100 pounds of dry sand is equivalent to
1.0 ft~ of sand. Wet sand is approximately 6-10%
heavier for an equivalent volume. Finally, the sand
quantities are expressed in inches, which are easier
to conceptualize for large quantities of sand.

TO CORE OR NOT TO CORE,
THAT IS NOTTHE QUESTION
By now, many readers will have looked at the
recommendation and said, "Aha. If we apply 40-
50 ft~ of sand per 1,000 ft; through regular top-
dressing applications, we will not need to core
aerate the greens." It is easy to see how this inter-
pretation could be made, but this strategy is not
recommended. There are agronomic and practical
reasons for not trYing this approach. There are
merits to removing organic matter through core
aeration and packing these vertical columns that
cut through the high organic matter zone with
sand. Applying 50 ft~ of sand per 1,000 ft?
through surface topdressing would only require
approximately 25 applications of2.0 ft~ per 1,000
ft;, or one application every two weeks. This
would be far too stressful during the summer
and would be difficult to work into the canopy
during periods of slow winter growth. Invariably,
interference with play and weather make this
program impractical.
Similarly, do not try to meet the topdressing

requirement with only core aeration and filling
the holes with sand. This method could result in
layering. All applied sand is not worked into the
holes; some falls between the holes. This excess
sand would only be mixed into the canopy twice
per year if the greens are aerated twice per year.
Additionally, it would be difficult to keep sand as
the primary component of the rootzone matrix
near the surface without regular surface
topdressing applications.

SAMPLE PROGRAMS
The best program is one that includes a certain
amount of core aeration along with regular sand
topdressings. When considering tine sizes, select a
size that allows easy and complete backfilling of

the aeration holes. Based upon field observations,
the smallest hole that can be reliably filled with
sand is created by a tine of just less than Yz in.
Holes of % in. diameter are not easily filled, even
with the driest sand. Outlined below are a few
sample programs to stimulate thought. There is no
single program that is right for everybody, but
with an overall goal of total topdressing applied, a
plan that meets the needs of any course can be
developed.
• Program 1:Big Holes, Big Spacing. This
approach uses traditional aeration equipment with
% in. tines on a 2 in. X 2 in. spacing. The greens
are aerated once in the spring and once in the
fall. A total of 36 ft: per 1,000 ft? (3,600 lbs. per
1,000 ft?) is applied for the two core aerations.
See Table 2 to see sand volumes required to fill
aeration holes for other tine sizes and spacing
patterns.
The remaining 14 ft~ of sand necessary per

1,000 ft? to meet the 50 fe goal is applied via
light to moderate topdressings throughout the
year. A light to moderate topdressing is considered
to be anywhere from 0.5 ft~to 2.0 ft: per 1,000
ft? This is rougWy equivalent to 50 to 200 lbs. of
sand per 1,000 ft;
• Program 2: Dethatching. This program is
for new construction only or for a putting green
that has met the topdressing requirement. A
dethatching machine is used to physically remove
organic matter from the upper portion of the
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Seeing is believing with
volumetric measure-
ments. Light, medium,
and heavy surface
topdressing rates
are approximately
0.50 ft! per 1,000 ft?-,
2.0 ft! per 1,000 ft?-, and
4.0 ft! per 1,000 ft?-,
respectively.

profile. Spring and fall dethatching treatments are
performed. Less disruption to play is the primary
advantage. This program is not recommended as a
curative approach on greens with excessive
organic matter. It is too difficult to incorporate
sand into the channels made by the dethatching
equipment, especially when the grooves are cut
greater than 0.25 in. deep.
The amount of sand incorporated into the

canopy following dethatching is much lower than
with core aeration. As channel depth increases,
sand incorporation decreases because the channels
collapse and seal off. This may be considered a
disadvantage because much more time must be
spent applying light and moderate topdressings
throughout the year. For example, assume
the greens are dethatched with %4 in. blades.
Approximately 14% of the surface area is
impacted, but only 1-3 ft? per 1,000 fe of sand
is applied. This amount is highly variable and
depends on how well the dethatching channels
stay open. This leaves 40-44 ft? per 1,000 fe left
to be applied through light and moderate
topdressings .
Many courses that use a dethatching machine

use it in combination with an aerator. Some
dethatch and aerate at the same time, while others
de thatch and aerate on separate dates.
The moderate topdressings (2.0 ft? per 1,000

ft?) should be applied at a time of year when
organic accumulation is most rapid. On bentgrass
putting greens in the South, the period of

October through April is the most prolific period
of organic matter production. Bermudagrass
greens generate the most organic matter in the
summer months. Light topdressings can be
applied at any time of the year.
• Small Holes, Small Spacing. A sample
program using this approach might include the
following: super quad tines with an outside tine
diameter of 0.420 on a 1 in. X 1Ysin. spacing. The
greens are aerated twice in the spring and once or
twice in the fall. The total amount of sand
required to fill the holes after each aeration is
approximately 6.15 ft? per 1,000 fe or 18-24 ft?
per 1,000 fe per year. The remaining 16-32 ft?
per 1,000 fe can be applied through light or
moderate topdressings throughout the year.
This approach relies on smaller tine diameters

and a tighter spacing pattern. The advantage of
this program is reduced healing time because
smaller diameter holes require less time to heal
than larger holes. The disadvantages are the need
for special equipment and more difficulty filling
the aeration holes. As hole size decreases, the like-
lihood of sand particles bridging over the surface
of the hole increases. The super quad tine only
goes 1.75 in. into the rootzone, which could be a
concern with a thick layer of organic accumula-
tion. An aerator with variable spacing and a tractor
with a creeper gear are necessary to duplicate this
program. For best results, take the time to make
sure the holes are open and clean, and try to use
the driest sand possible.

4 GREEN SECTION RECORD



THEORYVS. REALITY:
CALCULATING SAND VOLUME
Every golf course is faced with a unique set of
circumstances. Determining the total amount of
topdressing applied can be challenging. Table 2
shows the approximate amount of sand necessary
to fill aeration holes with sand for common tine
sizes and spacing.
When recommended topdressing amounts are

in hand, the turf grass manager must adjust the
topdressing applied if it is determined that the
sand is not working easily into the holes. Some-
times the greens are damp or the sand is wet. The
degree to which sand is filled into the holes can
vary, too. The key point is not whether the sug-
gested amount is applied to fill the holes, but how
much sand actually is applied. This information is
helpful when calculating yearly volume and deter-
mining how much sand must be added through
light or moderate topdressing applications.
When calculating sand volume applied, another

consideration is estimating how much sand is
thrown onto areas other than the putting green.
This is an issue when spinner top dressers are used
to apply light or moderate topdressings.

MEETING THE RECOMMENDATION:
IS MORE OR LESSNEEDED?
The beauty of coupling aeration and topdressing
together and making an annual topdressing
recommendation as a target value is its simplicity
and flexibility. It may need to be adjusted upward
or downward, depending on individual circum-
stances. The Atlanta, Georgia, climate was selected
for this recommendation. Other areas may require
a higher topdressing or lower requirement based
upon some of the factors listed below.
• Nitrogen Levels. Nitrogen is directly related
to organic matter production. Higher nitrogen
programs may be required on putting greens with
extremely high traffic levels or on greens that
must be grown in from some type of seasonal
damage. More topdressing may be required.
Greens managed under low nitrogen programs
may require somewhat less sand .
• Soil pH. A soil pH > 5.5 is optimal for
bacterial activity and organic matter decompo-
sition. Soil pH much below this level reduces
organic matter decomposition, and more top-
dressing may be required.
• Turfgrass Species. The 40-50 ft? per 1,000
fe recommendation is the minimum requirement
for many bentgrass and/or Paa annua putting

greens and may need to be adjusted annually.
N on-overseeded Tifdwarf or Tifgreen bermuda-
grass putting greens will have a slightly lower
annual topdressing requirement, somewhere in
the range of35-40 ft? per 1,000 ft? Non-over-
seeded ultradwarf greens may require 40-50 ft?
per 1,000 ft? Overseeded Tifdwarf or Tifgreen
bermudagrass putting greens will require 40-50
ft? per 1,000 ft?, but with newer ultradwarf
cultivars that tend to accumulate organic matter
in the surface 1-2 in., a somewhat higher amount
may be necessary. For newer bermudagrass culti-
vars, the "small holes, small spacing" program

applied at more than two times per year is a good
option. High annual topdressing sand rates are
important for the newer bentgrass cultivars that
tend to accumulate organic matter in the surface
or in climates where organic matter accumulation
is favored. In these situations, the "small holes,
small spacing" program is worth trying.

UNUSUAL FIELD CONDITIONS
Two common field conditions exist that may
require a higher sand requirement or an adjust-
ment as to when sand should be applied.
• Rapid Root Dieback. This condition is
characterized by the rapid death of a bentgrass
root system caused by high temperatures in the
summer months. When bentgrass roots die back
suddenly, the nature of some of the organic matter

Organic matter
accumulation in the
upper rootzone is the
primary reason why
putting greens some-
times fail over time.
Proper aeration and
topdressing programs
can prevent excess
organic matter
accumulation.
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Rapid root dieback on
bentgrass putting greens
in the summer produces
a gel-like layer in the
upper rootzone and low
soil oxygen levels. Turf
loss can occur within 24
to 72 hours, and extra
aeration (!.nd topdressing
will be needed to
promote recovery.

changes from live root structures to decomposing
organic matter with a gel-like consistency. Dr.
Carrow states, "It is not the lack of roots from
root dieback that is the problem, but the creation
of an excessively moist layer from the decompos-
ing root tissues with very low oxygen during hot
weather in response to the rapid root dieback"
(Carrow et al., 2002). The remaining roots are
under low oxygen stress and cannot take up
enough water for transpirational cooling. Reduced
water uptake, stomatal closure, and high-tempera-
ture kill can follow. Field symptoms are a yellow-
ing of the turf and death over a one- to three-day
period of hot, humid weather. This scenario can
occur at organic matter levels of 3-5% by weight
in the top 1 in. of the rootzone, but it is much
more likely when organic matter is greater than
5% by weight (Carrow et al., 2002). Mter the
hot weather has ended, it will be necessary to
continue diluting this rapid accumulation of
organic matter created from the dead roots as well
as organic matter arising from new root initiation.
The topdressing requirement will increase and
should be met through a combination of surface
topdressing and filling aeration holes.
• Cool-Weather Organic Accumulation.
Root growth can be rapid during periods of cool
weather. Roots grow down through the macro-
pore channels and adventitious roots grow near
the surface. Although live organic matter does not

reduce oxygen availability as severely as decom-
posing organic matter, oxygen infIltration and
water infiltration can decrease as the roots fill
many of the macropores. This is commonly
observed in the winter to early spring months
when greens begin to puddle more substantially
after a rain. The problem is more severe in cooler
climates with prolonged soil temperatures above
32°F, but less than 55°F. Bentgrass/ Paa annua
will grow in temperatures above 32°F, but soil
microbes necessary for organic matter decompo-
sition do not function below 55°F. These condi-
tions are more common in northern climates
and, particularly, coastal northeastern and coastal
northwestern climates. Other than a reduction
in water infiltration, surface symptoms are not
observed, but suboptimal oxygen levels can reduce
the rate of deeper rooting. Mter spring aeration,
adequate oxygen will be available for maximum
root growth.

PROGRESS REPORT
Turf managers who have embarked on an organic
matter dilution program will be curious about
how the program is working. There are three
ways to assess the program's effectiveness.
The fIrst is to send a core sample of the top

1-2 in. of the rootzone profile to a physical soil
testing laboratory. Request a test to determine
organic matter by weight.
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A result of less than 3% organic matter by
weight is good news and indicates that organic
accumulation has been well diluted with sand. A
result of 3-5% organic matter by weight is border-
line, and problems caused by plugged macropores
could occur. Pay careful attention to the organic
matter dilution program over the next few
seasons. A result of 5% or more is cause for con-
cern. A serious effort must be made to reduce
organic matter buildup. Place more emphasis on
core aeration and topdressing to fill the holes.
Some superintendents may sample and find
organic matter contents greater than 5% without
any apparent sYmptoms at the time of sampling,
but the chances for future problems are much
greater.
In the cooler regions of bent grass adaptation,

organic matter content can be above the 5% limit
without immediate concern. The reason is that
these climates have fewer hot periods in the
summer. When periods of high heat do occur,
bentgrass can decline rapidly. Also, in these
climates organic matter can continue to increase
to a point where decline occurs from oxygen
stress, regardless of the temperature.
Cases of seasonal organic matter accumulation

fluctuations occur on bentgrass during the winter
in the southern transition zone and on overseeded
bermudagrass greens in the late spring. Root
growth during cool periods may increase organic
matter 1-2% from the fall level due to live roots
contributing to the overall organic matter content.
The seasonal changes suggest that sampling for
organic matter for both bentgrass and bermuda-
grass should be in May and late summer. The
highest organic matter content will occur during
May, especially on overseeded bermudagrass
greens, and late summer should be the time of the
year with the lowest organic matter content.
A second method to assess the program's effec-

tiveness is to take field observations of the soil
profile. I£layering is present, as evidenced by a
distinct sand or organic matter layer(s), it is likely
that topdressing applications are being made too
far apart or that light applications between
moderate applications are too light. Also, look for
the columns of sand created by aeration and top-
dressing. Checking this right after aeration allows
the turf manager to see if the holes are being
completely filled with sand.
A final assessment method involves the use of a

double ring infiltrometer to take seasonal infiltra-
tion readings. Readings taken in conjunction with

organic matter sampling can be especially useful.
By taking an infiltration measurement at the same
place on a green a few times a season, the super-
intendent can obtain several important pieces of
information. First, the changes in infiltration by
season will be apparent. Second, after taking
readings for a few years, the superintendent can
see if infiltration rates are increasing, decreasing,
or staying the same in response to the organic
matter dilution program.

CONCLUSION
"More sand, laddie;' is a quote attributed to Old
Tom Morris. Although Old Tom probably never
imagined that the science and art of putting green
maintenance would ever reach today's quality
levels attained on a daily basis, his emphasis on
sand still rings true. The information presented in
this article has the scientific backing to confirm
what most in the industry know - that aeration
and topdressing are the foundation for successful
putting greens.
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