
Project Title: Development of Lime Recommendations for California Soils 
Project Location: Fresno, CA, Madera, CA and Fort Collins, CO

Final Report 2002:  May 26, 2005 

Project Leaders: 

Dr. Robert O. Miller; Soil Scientist, Soil and Crop Sciences Department, Colorado State 
University, Fort Collins, CO 80523; Ph: 970-493-4382; Fax 970-416-5820; E-mail: 
rmiller@lamar.colostate.edu 

Dr. Janice Kotuby-Amacher, Director USU Analytical Laboratory, Utah State University, Logan, 
UT 84322. Ph: 435-797-0008, Fax: 435-797-3376. E-mail: jkotuby@mendel.usu.edu 

Nat Dellavalle; Laboratory Director, Dellavalle Laboratories; 1910 W. McKinley, Ste. 110, 
Fresno, CA. 93728-1298, Ph: 559-223-6129, Fx:559-268-8174, E-mail: soillab@aol.com 

Project Cooperators: 

Chad Bethel, Laboratory Manager, Precision Agri-Labs, 24730 Ave 13, Madera, CA 93637. Ph: 
559-661-6386, Fax: 559-661-6135, E-mail: cflab@lightspeed.net

Byron Vaughan, Laboratory Director, MDS Harris Laboratory, 745 Peach Street, Lincoln, NE 
68521. Ph: 402-476-2811. E-mail:Bvaughn12345@aol.com. 

Executive Summary 

Increasingly acid soils have been noted by agronomists and soil testing laboratories on 
soils of northern and central California. These soils tend to be moderately to highly 
weathered or poorly buffered and acidified through nitrogen fertilization. Water pH 
levels below 5.60 are sufficient to impact crop growth and quality, dependent on the 
crop. Current lime recommendations for California are based on calibration models 
developed in the eastern United States on soils of distinctly different parent material and 
growing conditions. 

This project will develop lime requirement calibration models for California soils based 
on six standard laboratory test methods using 120 California soils selected from the San 
Joaquin Valley, North Coast and Sacramento Valleys of California. Soils will  be selected 
from vineyards, tree crop, forage and row crop areas, where low pH values have been 
noted by commercial testing laboratories and agricultural consultants. Soils will be 
characterized for chemical and physical properties and the lime requirement assessed 
using greenhouse equilibration. All soil analysis will be conducted using California 
testing laboratories. Models developed will be validated using a second set of 20 soils 
in 2004. 
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Introduction 

Increasingly acid soils have been noted on soils of northern and central California 
by field agronomists and soil testing laboratories. These soils tend to be 
moderate to highly weathered or poorly buffered and/or acidified through ammonium 
based nitrogen fertilizers. Acidity levels below a pH of 5.60 are sufficient to impact 
crop growth and quality, dependent on the crop species and cultivar. Current lime 
recommendations for California utilizing the SMP buffer method and are based 
on calibration models developed in the eastern United States on soils of distinctly 
different parent material, growing conditions and cropping systems. 

In 2002 a project was initiated to evaluate lime requirement calibration models 
for California soils selected from the San Joaquin Valley, North Coast and 
Sacramento Valleys of California. Soils were selected from vineyards, tree crop, 
forage and row crop areas, where low pH values have been noted by commercial 
testing laboratories and agricultural consultants. Soils were characterized for 
chemical and physical properties and the lime requirement assessed using a 5-Day 
neutralization/ incubation tests and four buffer pH methods. An additional 21 soils 
were collected in 2004 on which to validate the lime recommendations developed on 
the initial set of 120 soils 

Methods 

Beginning in the spring of 2002 through 2003 one-hundred twenty-one soils 
were collected representing agricultural soils from 19 counties of central and 
northern California. At each site information was collected on the GPS location, soil 
series, (if known), method of irrigation, crop, moisture status, grower and farm. 
Sites included lettuce, lemon, heather, pistachio, watermelon, almond, tomato, onion, 
squash, potato, rice, grapes, peppers, pasture and corn crops (See Appendix A). 

Soils were collected, air dried and pulverized to pass a 2.0 mm sieve. Soils 
were analyzed for: saturated paste moisture content; pH saturated paste method; 
saturated paste EC; pH (1:1) H2O method; pH (1:1) 0.01 M CaCl2 method; KCl 
extractable Al; ammonium acetate extractable K, Ca, Mg, and Na; Olsen 
extractable PO4-P, DTPA extractable Zn, Mn, Fe and Cu; cation exchange capacity; 
soil organic matter and sand, silt and clay contents. Specific analyses were 
conducted in triplicate. Five reference soils from the North American Proficiency 
Testing (NAPT) program archives were included as quality assurance samples to 
authenticate the quality of the soil analyses. Soil lime methods based buffer pH 
included: SMP buffer pH (Sims 1995,); a modified SMP method (50% strength) 
Adams Evans buffer pH (Adams, 1984); Mehlich buffer pH (Mehlich, et al, 1976); and 
Woodruff Buffer pH (Sims, 1996). All soils were evaluated for exchangeable acidity 
based on a modified 5-Day incubation with calcium hydroxide (Adams, 1962). A 
proposed additional lime buffer capacity method was add to the project in 2003, 
based on a proposed University of Georgia direct calcium hydroxide addition and 
subsequent determination of pH as described by Liu et al (2005). In 2004 an 
additional 22 acid soils were collected from across California on which to validate the 
proposed lime recommendation model. 



Results 
In 2002 and 2003 a lab survey was conducted to evaluate the distribution of acid soils in 
California. A database obtained in 2003 from two California based soil testing 
laboratories1 of 28,299 soil samples indicated that 20.2% of the soils analyzed by the 
saturated paste had a pH below 6.00 and 5.1% were below pH 5.00 .  Although these 
results do not represent an equal distribution across the state, they are indicative of 
agricultural soils analyzed by the lab industry. 

Of the 120 soils collected twenty-two had an initial soil pH (1:1) 0.01 M CaCl2 method 
that exceeded 6.20, and thus deemed not appropriate for use in this study. Of the 
remaining ninety-eight soils,  soil pH (1:1) 0.01 M CaCl2 results indicated fourteen soils 
were less than 4.00, thirty-nine of the soils were between 4.50 to 5.00, forty-two had a 
pH in the range of 5.00 to 6.00 and three with a pH between 6.00 and 6.30 (see Table 
1). Results for soil KCl extractable Al, an indicator of strongly acid soils, indicated five 
soils had Al values exceeding 100 mg kg-1, twenty-six soils in the range of 20 - 100 
mg/kg Al, thirty-seven soils with 1.0 - 20 mg kg-1 Al, and the remaining twenty had 
concentrations less than 1.00 gm kg-1 Al.  Plotting pH (1:1) 0.01 M CaCl against Al 
content indicates that Al concentrations become significant (> 2.0 mg kg-1) for soils 
with a pH 0.01 M CaCl2 below 4.80 , Figure 1.  For the saturated paste this is a pH of 
5.10 and a pH (1:1) H2O of 5.60. Extractable Al concentrations increased dramatically 
with decreasing pH. 

Table 1.  Soil physio-chemical properties used in the California liming project. 

1 Based on Soil samples analyzed by: Dellavalle Laboratories, Fresno, CA; and 
Sunland Laboratories, Rancho Cordova, CA



Figure 1. Relationship of soil pH (1:1) 0.01 M CaCl2 and KCl extractable Al for 
ninety- eight soils collected from central and northern California. 

Soil saturated paste moisture content ranged from 19.8 - 69.3% indicating the soils 
evaluated ranged from loamy sand to clay in texture. Sixty-nine of the soils had a 
saturated paste method EC, based on the of less than 1.00 dS m-1.  Twenty-one 
percent of the soils collected contained less than 100 mg kg-1 extractable K, 35% in 
the range of 100 - 150 mg kg-1 and the remainder more than 150 mg kg-1of K.

Fifty percent of the soils collected contained less than 800 mg kg-1 Ca 
and 177 mg  kg-1 for Mg.  A majority of the soils had Olsen extractable PO4-P values 
less than 25.0 mg kg. Results for sand analysis indicate these soils were dominated 
by coarse textured materials with fifty-percent of the soils having more than 47% 
sand by weight. Soil organic matter ranged from 0.18 - 6.04 % (w/w) with a median 
of 2.04%.  Cation exchanged capacity (CEC) indicated that fifty percent of the soils 
were below 6.3 cmol kg-1.  5-Day lime incubation values ranged from 210 to 10,590 
lbs ac-1 with a median of 1380 lbs ac-1 CaCO3.  A 5-Day Incubation was chosen over 
the that of a 3-Day as used by Adams, 1962 since 30% of the soils evaluated 
required additional time to fully equilibrate. Thirty soils had a 5-Day incubation lime 
rate of less than 1000 lbs ac-1, fifty-one in a range of 1000 - 4000, lbs ac-1 and 
seventeen with a rate exceeding 4000 lbs ac-1 . 

Correlation results indicate a strong relationship between saturated paste moisture 
content and CEC and clay content, and negative relationship between sand and all 
the buffer pH methods (Table 2).  pH by the (1:1) 0.01 M CaCl2   method had the 
highest correlation with KCl Al content, whereas KCl extractable Al was had a strong 
inverse correlation with all the buffer pH methods, the strongest noted for Mehlich 
buffer pH. Aside from the other buffer methods the Mehlich buffer had a strong 
inverse correlation with both saturated paste moisture, KCl extractable Al and clay 
content of the ninety-eight soils evaluated. 



Table 2. Correlation matrix of soil properties and buffer pH methods. 

Using the Mehlich method the amount of exchangeable acidity (AC) was estimated 
from the equation (EQ1) developed by Mehlich (1984): 

EQ1 AC = [6.60 - Mehlich buffer pH] x 4 cmol kg-1
 

A plot of AC with clay content is shown in Figure 2. As clay content increased for 
these ninety-eight soils the amount of exchangeable acidity (AC) generally 
increased. Clay was positively correlated with AC, whereas sand content was 
negatively correlated. 

A plot of pH (1:1) 0.01 M CaCl2 and AC is shown in Figure 3.  As pH decreased 
there was a corresponding increase in AC. Although the data shows a weak 
relationship (R2

 = 0.206), there is a unique area plot of the data points forming 
defined boundaries for AC as a function of pH (1:1) 0.01 M CaCl2.  Thus at a pH of 
6.00 the AC range is limited to 0.5 - 1.5  cmol kg-1 ; while at pH of 5.00 the AC 
range is 0.5 - 4.5 cmol kg-1; and at a pH of 4.00 AC ranges from 0.5 - 7.0 cmol kg-1. 
The increasing range in AC as a function of pH is associated with clay content and 
the amount of exchange Al. This relationship was noted for all three soil pH 
methods evaluated but was the strongest for the pH (1:1) 0.01 M CaCl2 method. 



Figure 2. Relationship of clay content and Mehlich buffer exchangeable acidity 
(AC). 

Figure 3. Relationship of pH (1:1) 0.01 M CaCl2 and Mehlich buffer exchangeable 

acidity 

(AC). 



A plot of 5-day lime incubation rate (CaCO3  lbs ac-1) with pH (1:1) 0.01 M CaCl2 

indicates another unique area plot, Figure 4.  Shown in the figure is salt pH 4.80 
where 
Al concentrations exceeded 1.00 mg kg-1.  A plot of isolines of saturated paste 
moisture on this figure indicates that “general” ranges of 5-day incubation lime rates 
can be further separated for a given pH by the saturated paste moisture content.  As 
an example a soil with 24% saturated paste moisture and a salt pH of 5.00 would 
have a lime application rate of 1400  lbs ac-1, while a soil with an identical pH and 
40% saturated paste moisture content would have a lime application rate of 3000 lbs 
ac-1. These isolines for separating 5-day incubation lime rates are only approximate 
as some soils, (as indicated in the legend) fall outside the isolines demarcating their 
boundaries. Nonetheless, eighty-one of the ninety-eight soils fall with in the 
boundary areas, indicating that saturated paste moisture can be used as a co-
variable in estimating lime requirement as determined by a 5-Day incubation. 

This use of soil saturated paste moisture content in conjunction with pH is similar to 
a model used by the University of Illinois in 1950s using soil texture classification 
and soil pH to estimate lime recommendations (citation). 

Figure 4.  Relationship of pH (1:1) 0.01 M CaCl2 and 5-Day incubation lime rate, 
ninety-eight California soils. 



Buffer Evaluation 

Results for the SMP buffer method ranged from pH 5.45 to 7.45, with a median of 
6.89. Based on reported SMP lime recommendation (Sims, 1996), the threshold 
SMP buffer pH for which no lime is required was 6.95. Using this recommendation 
model for SMP estimating lime, 46% of the California soils evaluated had no lime 
requirement. The 5- Day lime incubation rate on these same soils ranged from 125 - 
1380 lbs ac-1, with an median of 860  lbs ac-1 CaCO3.  Generally these soils were 
poorly buffered and had less than 20 mg kg-1 of extractable Al. 

Estimated lime rates by the Woodruff method (based on recommendations of Sims, 
1996) indicate rates ranged from 733 to 13,500 lbs ac-1 CaCO3, with a median of 
4,600 lbs ac-1.  Estimated lime rates for the Mehlich method (based on lime 
recommendations of Mehlich, 1984) ranged from 250 -10,500 lbs ac-1, with a median 
of 3,800 lbs ac-1 CaCO3.  No lime rate was determined for the Adams Evans buffer 
method. 

Regression of the lime requirement form the 5-Day lime incubation on SMP buffer 
pH indicated it described more than 87% of the variability (Figure 5a).  There was a 
sigmoidal tendency in the distribution in the data for the SMP method, with values 
below the linear estimate for with SMP buffer pH of 6.30 to 7.10 and higher than the 
estimate for soils less than pH 6.30. The Adams Evans buffer pH method 
(Figure 5c) had the poorest correlation with 5-Day incubation method, whereas the 
Woodruff buffer (Figure 5b) approached that of the SMP method.  There was a 
sigmoidal tendency in the distribution of the Woodruff buffer pH data, similar to that 
of the SMP method. A regression of the Mehlich buffer pH method (Figure 5d) and 
5-Day Lime incubation indicated very good agreement, predicting 87% of the 5-Day 
incubation, equal to that of SMP buffer.

Results of the University of Georgia Lime Buffer Capacity method (LBC) of Liu et al 
(2005), indicates lime rates for the ninety-eight California soils ranged from 250 to 
8460 lbs ac-1, with a median of 1,910 lbs ac-1 CaCO3. Generally there was good 
agreement between the LBC lime recommendations with that of the 5-Day 
incubation (Figure 6).

A regression of the soils data indicates that the LBC lime rate described 83% of the 
variability of the 5-Day Incubation method, with a slope coefficient of 1.04.  There 
was generally very good agreement for soils with lime rates less than 4,000  lbs ac-1 

CaCO3 , 
however there was significant dispersion for soils with lime rates exceeding this rate. 
This dispersion was attributed to soils of fine texture (SP > 50%) and ones soils with 
greater than 200 mg kg-1 KCl extractable Al. The LBC method is based on a 30 
minute equilibration of calcium hydroxide and it is likely that for very acid, fine 
textured soils that there was insufficient time to complete neutralization of the 
acidity. 



Figure 5. Regression of 5-Day Lime incubation versus four buffers for 
ninety-eight California soils. 



Figure 6. Comparison of 5-Day Lime incubation and LBC lime rate, for ninety-
eight California soils. 

Multi linear regression models of chemical properties were developed, exclusive of 
buffer pH methods, to further evaluate 5-Day incubation lime rates of the ninety-eight 
soils being evaluated.  Forward regression models of 5-Day Incubation Lime rate as 
the dependent variable indicates that a three component model of pH (1:1) 0.01 M 
CaCl2 , saturated paste moisture content,  and KCl extractable Al explained 74.7% of 
the variation in 5-Day Lime Incubation rate (See Table 3).  This model is in good 
agreement with the results noted in Figure 4 indicating that saturated paste moisture 
content is an integral component in estimating soil lime requirement. Both Saturated 
paste moisture and KCl Al had positive coefficients, while pH (1:1) 0.01 M CaCl2 had 
a negative coefficient. 

Table 3. Multi linear regression model for tons of 5-Day lime incubation rate. 



Additional multi linear models for 5-Day lime incubation were evaluated that were 
inclusive of buffer pH methods. A forward regression model of 5-Day incubation 
lime rate as the dependent variable indicates that a three component model of 
Mehlich Buffer pH, exchangeable K and silt content explained 90% of the variation 
in 5-Day Lime Incubation rate.  This model is only slightly better than that obtained 
by using the Mehlich buffer alone of 87% (See Figure 5d). 

Using the lime recommendation developed by Mehlich (1976) based on the Mehlich 
buffer pH method a comparison was made with the 5-Day lime incubation rate (See 
Figure 7).  Results indicate the Mehlich lime rate is 85% of the 5-Day lime incubation 
rate accounting for 87% of the variability. As the 5-Day Incubation study is based on 
equilibrium to pH 7.00 using a 1:1 H2O method and the Mehlich buffer is based on 
pH depression from 6.60,  the slope differential of 85% between the methods is 
reasonable. In addition as the lime rate error for Mehlich buffer method is 240 lbs 
ac-1 and that for the 5-Day incubation is 160 lbs ac-1 CaCO3, the differences noted 
in the plot for specific soils is not as great as it appears in Figure 7. 

Figure 7.  Comparison of  Mehlich buffer lime recommendation and 5 Day 
Lime Incubation rate for ninety-eight California soils. 



Validation Soils 

During 2003 and 2004 an additional twenty-two soils were collected from the San 
Joaquin Valley, North Coast and Sacramento Valleys of California for validating the 
principle models developed in phase I of the project.  Soils were collected by field 
agronomists from vineyards, forests and row crop areas.  Soil properties are listed in 
Table 4.  Generally the validation soils were slightly more acidic than the initial 
ninety- eight soils collected in 2001.  Soil pH (1:1) 0.01 M CaCl2 ranged from 3.19 to 
5.75 with a median 4.42.  Eight of the soils were below pH (1:1) 0.01 M CaCl2 4.00 
and five soils above 5.00. Soil saturated paste moisture and CEC were identical to 
the original ninety- eight soil database.  Results for soil KCl extractable Al indicated 
five soils had Al values exceeding 100 mg kg-1, eight soils in the range of 20 - 100 
mg/kg Al, eight soils with 1.0 - 20 mg kg-1 Al.  Mehlich buffer pH values ranged from 
4.17 - 6.30 with a median of 5.14. Exchangeable Acidity as calculated from the 
Mehlich Buffer, ranged from 9.72 to 1.2  cmol kg-1. 

5-Day lime incubation lime rates ranged from 480 to 26,600 lbs ac-1 with a median of 
1940 lbs ac-1 CaCO3 .  Soil CA-320 with a lime rate of 26,600 lbs ac-1 was removed 
from the data set, as it exceeded the original data set range by 2.5X.

Table 4. Soil physio-chemical properties of twenty-two validation soils in the 
California liming project. 



Figure 8.  Comparison of  Mehlich buffer lime recommendation and 5 Day Lime 
Incubation rate for one hundred twenty California soils. 

Figure 7.  Comparison of  Mehlich buffer lime recommendation and 5 Day Lime 
Incubation rate for one hundred twenty California soils. 



SUMMARY AND CONCLUSIONS 

Two models were selected for predicting lime requirements for California soils. The 
first is based on soil pH (1:1) 0.01 M CaCl2 and saturated paste moisture 
(application rate based on 5-Day incubation lime rate). The pH method is easily 
implemented and soil saturated paste is a routine analysis conducted in California 
agricultural testing laboratories. Table 5 depicts the estimated lime rate based on 
the 119 soil evaluated. Lime rates listed are based on neutralization of soil acidity to 
a pH of 7.00 to a depth of 6 inches and are rounded to the nearest 250 lbs ac-1 of 
100% CaCO3. The actual lime application rate will require adjustment as typical 
agricultural lime ranges from 60 - 80 Calcium Carbonate Equivalent (CCE). It is 
suggested that for soils testing below a pH (1:1) 0.01 M CaCl2 of 4.80,  be also 
analyzed for KCl extractable aluminum as additional lime maybe needed to 
neutralize the added acidity.  The lime rate determined using the following equation: 

EQ2: Lime Rate lbs ac-1 = 3960 + 112 (SP) - 1203 (pH) - 9.0 (Al) 

where SP is the saturated moisture percentage in percent, pH is pH (1:1) 0.01 M 
CaCl2, and Al is KCl extractable Al in mg kg-1. For every 100 mg kg-1 of extractable
Aluminum 
an additional 900 mg kg-1 CaCO3 is required.. 

The 2nd model recommended for estimating lime rate for California soils is based on 
the Mehlich buffer pH method.  This model explained 87% of the variability in 5-Day 
incubation results.  It has the advantage that only one additional soil test is needed 
and provides for the estimate of exchangeable acidity. The equation for acidity and 
determining lime application rate from the Mehlich buffer are as follows: 

EQ3:  AC = (6.60 - Mehlich Buf pH) x 4 

EQ3: Lime Rate lbs ac-1 = ((0.10 x (AC2))+AC) x (2000 x 0.446) 

A comparison of the estimated lime rate for the 5-Day Incubation and the two 
models is shown in Table 6.  In general there is very good agreement between the 
two models and the 5-Day Incubuation. The relative difference between the two 
models for a majority of the soils is generally within the lime rate error of estimation, 
which for these methods is approximately 240 lbs ac-1 of 100% CaCO3 .
Soils with high KCl extractable Aluminum (Al > 100 mg kg-1) were the exception with 
the Mehlich buffer indicating a much higher lime rate, similar to the amount listed for 
the 5-Day incubation method. 



Table 5. Recommended lime rates for California soils, based on pH (1:1) 0.01 M 
CaCl2 and saturated paste moisture. 

1 Lime rate based on 100% CaCO3 

applied to neutralize acidity to pH 7.00 to a soil depth of 6 inches. Minimum Lime application 

rate 500 lbs ac-1 . 



Table 6. Comparison of lime rates, 5-Day Incubation, Model pH-SP and Mehlich 
buffer. 

1 Soils CA-305 and 308 were collected as validation soils. 

Results of the California pH - Lime project were presented at the 9th International 
Symposium on Soil and Plant Analysis held in Cancun Mexico January 30 - 
February 5, 2005 and at a laboratory workshop in Salinas, California on March 16, 
2005, which was attended by 18 laboratory personnel. A paper will be submitted 
to Communications In Soil and Plant Analysis for publication in 2006.  Results will 
be presented as an invited paper at the American Society of Agronomy meetings 
November 6-9, 2005 in Salt Lake City, UT. 

A laboratory Fact sheet on the two models for estimating lime application is being 
prepared and will be reviewed by soil Extension personnel of the University 
California, prior to disbursement to commercial laboratories serving the 
California. 
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Appendix A. California liming study soil collection information. 

1 Soil materials stored at Precision Agri-Lab, Madera, CA. 




