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ABSTRACT7

Conventional soil nutrient guidelines are higher than needed to produce high8

quality turfgrass. Although there have been repeated calls for more turfgrass soil9

calibration research, it is not practical to conduct conventional soil test calibra-10

tions for this global crop. Turfgrass comprises more than 10 common species11

and hundreds of cultivars, grown in a multitude of soils and climates. We took12

an indirect approach to identify universally applicable guidelines by studying a13

large sample of 16,163 Mehlich 3 soil test results collected from good-performing14

turf. We modeled a subset (n = 3,683) of those results, specifically from soils with15

low nutrient holding capacity, as 2 parameter log-logistic distributions. We take16

these continuous probability distributions to be representative of soils in which17

good-performing turf is being produced. eminimum levels for sustainable nu-18

trition (MLSN) guidelines were selected as the value x at which the probability19

of a random sample X drawn from the distribution being less than or equal to x20

is 0.1. at is, we identified the level x where P (X ≤ x) = 0.1. We propose the21

MLSN guidelines as minimum levels for all turfgrass sites, with fertilizer recom-22

mendations suggested as the quantity sufficient to prevent each element from23

dropping below the MLSN guideline. e MLSN guidelines from the Mehlich 324

data used in this paper are, for K, P, Ca, Mg, and S respectively, 37, 21, 348, 47,25

and 7 mg kg-1.26
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Introduction28

High quality turfgrass is oen produced in soils that don’t have enough nutrients29

to produce high quality turfgrass. at’s the paradoxical conclusion one arrives30

at when using conventional soil nutrient guidelines to interpret turfgrass soil31

tests. ere are two primary reasons for this result. One is the increased use32

of sand as a growing medium for high traffic turfgrass areas, and another is the33

development of the conventional guidelines themselves. e guidelines for turf34

have been adapted from those of forage or agronomic crops (Carrow et al., 2004),35

and have in some cases been knowingly set high – not because the grass requires36

those quantities of nutrients, but because fertilizer cost was considered a minor37

issue for turf (Carrow et al., 2001, p. 164).38

ese conventional guidelines, and the resultant soil test interpretations, are39

recognized as problematic. ere have been repeated calls for more soil test cali-40

bration research across a wide range of turfgrass species and cultivars, climates,41

and soils (Turner and Hummel, 1992; Carrow et al., 2001; Frank and Guertal,42

2013). Considering the more than ten species of turfgrass in common use around43

the world, the many cultivars of each species, and the wide range of soils in44

which these grasses are grown, it seems unlikely that such extensive calibration45

research will ever be conducted. However, if improved guidelines were available,46

the same turf conditions could be produced with lower nutrient inputs. Nutrient47

use on United States golf courses has decreased over the past decade (Gelernter48

et al., 2016) with no indication of turf performance problems.49

We developed new soil test interpretation guidelines which we call minimum50

levels for sustainable nutrition (MLSN). Turf grows well in a wide range of soils.51

When the soil contains enough of an element, adding more of that element pro-52

vides no benefit to the grass (Dest andGuillard, 2001; Johnson et al., 2003; Kreuser53

et al., 2012; Raley et al., 2013; Rowland et al., 2010, 2014; Snyder and Cisar, 2000;54

St. John et al., 2003; Turner and Waddington, 1983; Woods et al., 2006). Rather55

than classify soils into low, medium, and high categories, or sufficiency ranges,56

one can ensure the soil remains above the level at which enough of an element57

is supplied to the grass.58

To identify the minimum guideline levels, we analyzed Mehlich 3 soil test59

data from 3,683 soil test results, drawn from a larger set of 16,163 samples col-60

lected from professionally-managed and good-performing turf. is paper ex-61

plains how the MLSN guidelines were identified and shows that they are appli-62

cable as a general guideline for turfgrass soil test interpretation.63
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Materials & Methods64

We gathered data from soil nutrient analyses of professionally-managed turf,65

primarily from golf courses but also from athletic fields and lawns. e data are66

from soil samples collected to a 10 cm depth and submied to PACE Turf from67

October 1991 to August 2014 (n = 13,062) and submied to the Asian Turfgrass68

Center (ATC) fromMarch 2007 to July 2014 (n = 3,101). ese data are available at69

https://github.com/micahwoods/2016_mlsn_paper/tree/master/data.70

Prior to inclusion in this dataset, PACE Turf and ATC samples were manually71

filtered to remove any samples collected from problem areas, poor-performing72

turf, research projects, and topdressing sand. us, all samples in this dataset73

represent soil nutrient levels from professionally-managed turf that was per-74

forming well at the time the sample was collected.75

All samples were tested at Brookside Laboratories (New Bremen, Ohio). Soil76

pH was measured in 1:1 H2O, and K, P, Ca, Mg, and S by inductively coupled77

plasma atomic emission spectroscopy (ICP-AES) aerMehlich 3 extraction (Mehlich,78

1984).79

From this combined dataset of 16,163 samples, we selected the samples with80

a pH greater than or equal to 5.5 and less than or equal to 8.5. e purpose of81

filtering by pH was to work only with samples having no aluminum toxicity on82

the low end and no alkalinity hazard on the high end.83

We then selected only those samples with a cation exchange capacity (CEC)84

by summation (Ross, 1995) less than or equal to 60 mmolc kg-1. e purpose of85

filtering by CEC was to identify the samples in which the turf was performing86

well in low nutrient content soil. A CEC by summation of Mehlich 3 extracted87

cations, in soils with a low nutrient holding capacity, such as those in common88

use for turfgrass sites, will usually be less that 60 mmolc kg-1 (Woods, 2006; Ket-89

terings et al., 2014).90

In Carrow et al. (2004), levels of 117 mg kg-1 for K, 55 mg kg-1 (P), 751 mg kg-1
91

(Ca), 121 mg kg-1 (Mg), and 41 mg kg-1 (S) are given as the boom of the high92

range. e high range of Carrow et al. (2004) corresponds to Beegle’s (2011)93

optimum range. When an element tests in the optimum range, it is considered94

adequate, a crop response is not expected from addition of the element, and no95

additions of that element are recommended for soils that are tested annually.96

When an element tests below the optimum range, additions of the element are97

expected to produce a crop response. We refer to these levels for the Mehlich 398

extractant in Carrow et al. (2004) as the conventional guidelines.99

A soil with K at 117 mg kg-1, Ca at 751 mg kg-1, and Mg at 121 mg kg-1, has a100

CEC by summation of 50 mmolc kg-1. By selecting samples with CEC less than101

or equal to 60 mmolc kg-1, we identified samples in which turf was performing102

well but contained nutrients in a range at which supplemental K, P, Ca, Mg, or S103
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would typically be recommended.104

Aer filtering the full dataset, we were le with 3,683 soil samples. ese105

samples, which we refer to as the MLSN data, were of moderate pH and had106

nutrient content in the range where fertilizer would typically be recommended107

using conventional guidelines.108

For each of the elements of interest – K, P, Ca, Mg, and S – we used EasyFit109

soware (www.mathwave.com) to evaluate a number of possible distributions110

for a fit to the data. Finding that a 2 parameter log-logistic (Fisk) distribution111

provides a reasonable fit to the data, we then used the VGAM package (Yee, 2016)112

in R (R Core Team, 2016) to identify the scale (b) and shape (k) parameters by113

maximum likelihood estimation.114

e cumulative distribution function for a log-logistic distribution is given115

by Eq. 1.116

F (x) =
xk

bk + xk
, x ∈ [0,∞) (1)

e quantile function for a log-logistic distribution is given by Eq. 2.117

F−1(p) = b

(
p

1− p

)1/k

, p ∈ [0, 1) (2)

e MLSN guideline was selected as the value at which the probability of a118

random variable (X) drawn from this distribution having a value less than or119

equal to the MLSN guideline is 0.1. at is, the MLSN guideline is the value of120

x where P (X ≤ x) = 0.1, obtained by evaluating the quantile function (Eq. 2)121

at p = 0.1. e scripts used to generate the MLSN guidelines are available at122

https://github.com/micahwoods/2016_mlsn_paper/tree/master/r.123

Results124

Table 1 summarizes the combined data – the MLSN data – from PACE Turf and125

ATC (n = 3,683) aer filtering to include only the samples with pH ≥ 5.5 and ≤126

8.5 and CEC ≤ 60 mmolc kg-1. e median value for each element is lower than127

the conventional guideline for that element in Carrow et al. (2004). Even though128

the turf was performing well, more than half the samples in the MLSN data are129

classified as requiring more K, P, Ca, Mg, and S using conventional guidelines.130

Figure 1 shows histograms with overlying curves for the density, the normal131

distribution, and the log-logistic distribution. ese MLSN data are representa-132

tive of soil nutrient levels across a wide range of turfgrass sites, with soils that133

have a relatively low nutrient holding capacity, and at which the turfgrass was134

performing well at the time the sample was collected. e normal distribution135
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Table 1: Summary ofMLSN data, with conventional guidelines fromCarrow et al.
(2004) included for reference.
Element minimum median maximum

mg kg-1
MLSN Conventional guideline

K 4 74 511 37 117
P 1 53 495 21 55
Ca 47 570 1012 348 751
Mg 17 84 314 47 121
S 2 19 246 7 41

does not represent these data well, but the log-logistic distribution does. e136

log-logistic distribution, for all elements except Ca, tracks closely the density of137

the data.138

No distribution fits the Ca data well, because the ubiquity of Ca in these soils139

makes the Ca content largely a function of the CEC. Calcium contributed the140

most postive charge to the CEC in 99.78% of the MLSN data samples.141

Table 2 shows the log-logistic model parameters and the P (X ≤ x) = 0.1142

level, which we identify as the MLSN guideline level. ese scale and shape143

parameters for the log-logistic distribution can be used to find x for any p using144

Eq. 2.145

Table 2: Parameters of the log-logistic distributions and the quantile function
(Eq. 2) evaluated at p = 0.1.

Element Scale (b) Shape (k) P (X ≤ x) = 0.1
mg kg-1

K 73.48 3.20 37
P 55.07 2.23 21
Ca 548.13 4.85 348
Mg 83.17 3.83 47
S 19.37 2.30 7

Figure 2 shows the empirical cumulative distribution function (ECDF) of the146

MLSN data and of simulated data generated from the fied models. Simulated147

data for each element were generated by drawing 3,683 random samples from a148

log-logistic distribution with the scale and shape parameters from Table 2. For149

each element, we then had a vector of soil test results from the MLSN data, and150

a vector of simulated data of the same length, from which we ploed the ECDF.151

With these parameters in Table 2, one can compare Mehlich 3 soil test results152
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Figure 1: Histograms of MLSN data with overlying density, normal, and log-
logistic distributions.
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Figure 2: ECDF for the MLSN data and for simulated data based on the log-
logistic distribution.
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for any turfgrass sample to the data used to generate the MLSN guidelines. We153

call this comparison the sustainability index (SI), and define it for x as 1 minus154

the cumulative distribution function (Eq. 1) evaluated at x.155

As an example, the SI for a sample with K testing at the conventional guide-156

line of 117 mg kg-1 is 0.18. We get that by evaluating the cumulative distribution157

function for P (X ≤ 117), using the parameters of the log-logistic distribution158

shown in Table 2. e SI for soil test K of 117 is shown in Eq. 3.159

SI = 1− 1173.2

73.483.2 + 1173.2
= 0.18 (3)

e MLSN guideline levels are at an SI of 0.9, and the SI of all turfgrass soil160

test results will be in the range of 0 ≤ SI ≤ 1. Higher soil test values have a161

lower SI. Expressing turfgrass soil test data in terms of continuous probability162

distributions allows for comparison of any Mehlich 3 soil test result with the163

MLSN data from good-performing turf.164

Discussion165

We summarized, in the form of probability distributions, the soil test results from166

a large dataset of samples collected from good-performing turf. ese reference167

distributions of test results from good-performing turf can be used for compar-168

ison to turfgrass soil samples from any location. For each element, the MLSN169

guideline level was selected from the modeled probability distribution as the170

value x at which a random sample X drawn from the distribution has a value171

of P (X ≤ x) = 0.1. ese MLSN guideline levels are, for K, P, Ca, Mg, and S172

respectively: 37, 21, 348, 47, and 7 mg kg-1.173

All the samples in the MLSN data were producing good turf at the time the174

sample was collected. It follows that the quantity of an element in the soil at175

the instant the sample was collected was sufficient to produce good turf. Soil176

nutrient levels decrease as grass grows and uses nutrients, so the recommended177

quantity of an element to apply as fertilizer, calculated so that the soil will stay178

above the MLSN guidelines, incorporates the expected grass use of that element179

over a defined duration (Woods et al., 2014b). is results in a guideline level that180

is lower than the conventional guidelines of Carrow et al. (2004), but results in181

fertilizer recommendations to keep elements at levels comfortably above those at182

which deficiency symptoms are observed (Kreuser et al., 2012; Raley et al., 2013;183

Schmid et al., 2016; Woods, 2006).184

ese guidelines were not tested against improvements in turf performance185

according to a traditional calibration study. We did not change the soil nutri-186

ent levels and then evaluate the turfgrass response. Because these data are all187
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from sites producing good-performing turf at the time the sample was collected,188

that good-performing turf is, in a sense, the response variable. We selected a189

minimum guideline at the P (X ≤ x) = 0.1 level, and then make fertilizer rec-190

ommendations to stay above that level. In this way, the MLSN guidelines and191

the subsequent recommendations are a conservative way to recommend fertil-192

izer for turfgrass, ensuring the quantities supplied will always be more than the193

lowest levels found in good-performing turf.194

We make this assumption: if the quantity of an element in soils with low nu-195

trient holding capacity is sufficient to produce good turf, then the same quantity196

of that element in soils with a high nutrient holding capacity will also be suffi-197

cient to produce good turf. If this assumption is incorrect, then the guidelines198

would be suitable only for low nutrient holding soils. To some extent, this is ad-199

dressed in the preliminary results of the Global Soil Survey (Woods et al., 2014a),200

which found that samples from explicitly good-performing turf from multiple201

sites in Asia, North America, and Europe, had nutrient levels similar or lower202

than those in the MLSN data.203

e MLSN guidelines correspond well with recent research, giving a conser-204

vative minimum guideline that is lower than conventional guideline levels, but205

higher than the real critical value seems to be.206

Conclusions207

We propose the MLSN guidelines as a single soil test value to stay above for K,208

P, Ca, Mg, and S, applicable for all soils and all types of turfgrass. e quantity209

of an element required as fertilizer to stay above the MLSN guideline will be210

dependent on the grass use of the element, which is site specific.211

e advantages of this approach are extensive. One can produce the same212

quality of turf with lower nutrient inputs. e guidelines can be updated with213

ease as new data become available. A single soil nutrient level is identified for214

each element – a minimum level that we want to stay above. us this approach215

can answer the simple question, do we need to add fertilizer, or do we not need216

to add fertilizer? Also, we can classify soils by the SI, giving a comparison of the217

current soil nutrient level to the MLSN data. is MLSN approach corresponds218

well to the large body of turfgrass nutrition research and we look forward to219

continued testing and refinement of these values in field research.220
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