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Relationships Among Physical and Chemical Properties of Representative Soils of thie

Tropics from Puerto Rico'

WARREN R. PHILIPSON AND MATTHEW DROSDOFF?

ABSTRACT

In an investigation of the extent to which predictive soil -
property relationships can be relied upon in characterizing soils -

of the tropics classified at the reconnaissance level, 9 to 15
soil propertics, of 370 horizons, from 84 Puerto Rican profiles,
we.e studied by correlation and multiple linear regression. The
soils represented six orders of the new US Soil Taxonomy (7th
Approximation): Vertisols, Mollisols, Alfisols, Inceptisols, Ulti-
sols, and Oxisols. Multiple regression equations were formed
from the data of each order, with 15.-bar moisture content,
CEC, organic carbon, extractable iron, and base saturation as

1 Agronomy paper no. 89%, Contribution from the New York
State College of Agr., Dep. of Agron., Cornell Univ., Ithaca,
New York 14850. This study was suppurted in part by a Ford
Foundation Grant and by the US Aency for International De-
velopment as a part of the research under contract Csd-2490.
Received March 15, 1972. Approved April 18, 1972,

. ’lGrnduate Research Assistant and Professor of Soils, respec-
tively.

dependent variables. The results indicat~ that, although it is
possible to eliminate certain properties from tropical soil dats
acquisition and still adequately characterize the soil, the specific
properties that can be successfully eliminated depend on the
soil order.

Additional Index Words: multiple linear regression, Oxisols
Ultisols, Vertisols, Inceptisols, Alfisols, Mollisols, tropica! soils.

XTENSIVE AREAS of the tropics contain soils which are
E unmapped or have been mapped only at a reconnais-
sance’ level, Although this lack of basic information points
to the need for rapid soil data acquisition, consideration
must be given to the limited resources available. The vorks

3 The term reconnaissance in this paper refers to soil surveys
with ‘map scales at about 1:100,000 to 1:1,000,000 and with
map units defined at high categorical levels, e.g., the order level
of the new US Soil Taxonomy (7th Approximation).
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Table 1—Seil properties and codings

Table 2—Soil property means and standard deviations

A, ved from Field Data (dt code Lers are {atad with
intermediate property values)
Depth (DEP): code mean horizon depth to nesrest centimeter.
Color value (CV): coda value reported
Structural grade (GD):
1-singla grain or massive 3uweak 7-strong
2-very weak S-moderate 8-vary strong
Stze of structural unit (82Z):
l-very [ine S-medium 9-very coarse
3-fine 7~-coarse
Shape of structural unit @H)t
1-platy 4-angular blocky 8-granular

2-prismatic or columpar 6-subangular blocky 9-crumb

Molst consistence (MC):

l-loose : 3-frisble 7-very lirm

2-very (riable S-firm 8-extremely firm
Sticky consistence (3C):

1-non-sticky S-sticky

3-slightly sticky 7-very sticky
Plastic consistence (PCh

1-non-plastic S-plastic

3-slightly plastic 7-very plastic

B, Properties Derived from Liboratory Dats (Soll Conservatlon Service, 1967a)

Clay (CL): code percentage reported

Soll reaction (H): code value determined by "Soll suspension, water dllution 1s)*

15-bar moisture content (L5W): code percentage determined by " Pressure-mem-

brane extraction, (1S baray*
Catlon exchange capacity (CEC): code meq/100 g determined by “"NHOAc, pH 7.0,
direct distillation”

Organic carbon (CC): code percentage determined by v+Acid-dichromate digeation,
FeSO, titration"

Extractable [ron (Fe)i code porcentage determined by " Dithionite-citrate extractlon,
orthophenanthrolloe colorimetry™

Bnse saturation (BS): code perce.lage dem‘mlned by "NH,OAc, pH 7,0

of researchers such as Sarkar, Bidwell, and Marcus (1966);
Swindale (1967); and Banin and Amiel (1970) suggest
that statistical relationships among various soil properfies
could be employed to expedite soil characterization. This
study was undertaken to investigate the extent to which pre-
dictive soil-property relationships could be relied upon in
characterizing reconnaissance soil units of the tropics.

The objective was approached through correlation and
multiple linear regression (Drapsr and Smith, 1966). Ap-
plied to soil data, correlation and multiple regression indi-
cate whether the measured values of one or more soil prop-
erties can be used to reliably predict the value of other soil
properties. If, for example, an equation containing two
measured soil properties could reliably predict the value of
a third soil property, there would be little reason to meas-
ure this third property for soil characterization. Moreover,
if measurement of a few selected soil properties could pro-
vide nearly the same interpretive descrintion of reconnais-
sance soil units as measurements of a more complete list of
soil propertizs, then the time, energy, and cost required for
characterizing soils in the tropics could be substantially re-
duced. This is especially true if the selected properties
could reliably predict soil properties that would otherwise
require costly Jaboratory analyses.

PROCEDURES

Samples of reconnaissance soil units were obtained by group-
ing 84 soil series from Puerto Rico into six orders of the new
US Soil Taxonomy (7th Approximation): Vertisols, Mollisols,
Alfisols, Inceptisols, Ultisols, and Oxisols (Soil Survey Staff,
1960 and 1967). Published morphclogical and laboratory data
on repesentative profiles of the 84 series were used (Soil Con-
servation Service, 1967b).

The values of 9 to 15 luboratory- and field-determined soil
properties from cach horizon, in each profile, were coded in
accordance with Table 1. A total of 370 horizons were thereby

Orders

Vertisol Mollisol Alflsol Inceptisol Ultisol Oxisol
Casest 49 45 42 7 108 79
prop Mean (ad) Mean (ad) Mean (ed) Mean (od) Mean (sd) Mean (sd)
DEP 76.4018,1) 16.4(14.4) 19,5(14.9) 17.7015.1) 25.3(19.3) 27,6(20,1)
GD 2.8(1.4) 3.201,3) 2.4(14) 2.6(L6) 3,7( 1.0)
sz 3.5( 1.4)
SH 5,3( 1.3)
MC 3.9(1.8)  4.1(L3) 4K LO)
sC 4.2(1.6) 2,400 2,3(1,0) 2.6(0.9)
PC 4.9( 0.4) 3,3(1.6)  3.5(44) 4114
cy 3.3(0.8) 3.5(1.1) 45100 44101 4+.¥LO 3,7( 0.7)
CL 58.3( 5.1) 33,7(13.5) 40.8(16.1) 29.0(16.4) 51.7(15.5) 69,2(13,2)
pH 6.7( 0.7) 5.5(1.0) 5.6(0.8) 4.7(0.3) 510 5)
15w 24.8( 2.3) 16,4( 5.7) 18,0(7.7) 16,1{7.4) 125.0(6.1) 29.4( 4.8)
CEC 41,9(9.1) 27.000,4) 19.5(8.9) 20.8(12.8) 12.9(4.7) 8,7( 3.5
ocC 0,8(0,7) 1.1(0,9) 07(0,8 0.9(0.8 1L0(LL 11(L3)
Fe 2,3(1.0) 2.8(1.2) 3.8(2.1) 2.8(2.2) 6.4(3.0) 12,8(3,7)
BS 77.1(29.5) 81.6(1,2) 22,1(17.0) 30,1(27.3)

included, with each horizon's soil property values being punched
onto a single IBM card.

The soil property data associated with each of the six orders
were put separately into a multiple regression program (BIO-
MEDICAL, BMDO2R. STEPWISE REGRESSION) on the
Cornell University IBM 360/65 computer. Each of the six
program outputs provided: (i) correlations between each pair
of input soil properties, and (ii) multiple lincar regression equa-
tions, with 15-bar moisture content, cation exchange capacity,
organic carbon, extractable iron, and base saturation as depen-
dent variables.

In formulating the equations, laboratory- and ficld-deter-
mined soil properties were treated so that two types of equa-
tions would result: (i) the dependent property vs. ficld proper-
ties, and (ii) the dependent property vs. both laboratory and
field properties. Although clay content and soil reaction were
obtained by laboratory analyses, they were treated as field-
determined properties. Their importance for prediction has been
demonstrated with generalized soil data (Philipson and Dros-
doff, 1970), and both are commonly estimated or measured in
the field.

RESVLTS

The means and standard deviations of each soil property
and the number of cases (i.e., soil horizons) included in
each of the six order programs are recorded in Table 2.

Pairs of soil properties, that occurred in any of the six
programs and exhibited coefficients of determination, r?,
greater than 0.500 in at least one of the programs, are listed
in Table 3.

Multiple linear regression equations were computed with
15-bar moisture content (15W), cation exchange capacity
(CEC), organic carbon (OC), extractable iron (Fe), and
base saturation (BS) each, in turn, serving as the dependent
variable. The independent variables consisted nf either
field-determined properties or laboratory- and field-deter-
mined properties. The coefficients of multiple determina-
tion, R2, and the standard errors of estimates (se) of both
“field property” and “laboratory and field property” equa-
tions are listed in Table 4. In addition to the R? and stan-
dard error computed with all independent variables in the
equation, the table records: (i) the stepwise order in which
the primary variables entered the .equation; (ii) the input
variable which first provided a cumulative R? of at least
50%: (iii) the iast variable to enter, contributing at least
5% to the cumulative R2; and (iv) the standard error of
estimate based on those variables listed,

For example. in predicting 15-bar moisture content
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Table 3-—Coefficients of determination, r*

Table 4—Order data regression cguations

Variable Crdera Field property equations Lab und fleld propert; equatlons
palrs Vertisol  Molitscl Alfisol  Inceptisol  Ultisol Oxisol Tots! EQN Primary portion Total EQN Primary portion
DEP v, OC 05571 0,436 0,412 0,504 0,148 0,466 Ord  N*: Rit(se) Form-R? (se¢) N 1} (se) Form- R (ve)
15W va, CEC 0,398 0,731 0,308 0,557 0.487 ; X -
15W vs. CL 0428 0812 0767 0812  07% 0,283 Dep Var: 15-bar molstura conient (15W) i
CEC vs, CL 0.033 0,734 0,187 0,324 0.379 0,015 Ver 5 68(1.3) CL/DEP/CV-83(1,4)1 8 6.5 CL/CEC-T0/DEP/Fe-
3Cva, PC 0,026 0.619 0,086 0,221 83 (0,9)
Mol 5 85(.2) CL-31(2.5) 8 89(4.3) CL-81(2.5)
15% va, MC : 0,57 0075 0,103 AL 5 810.4) CL-77Q.7) 9 94(5.0) Fe-79/CL-91(2,3)
15W va, 8C 0.013 0,552 0.089 0,068 Inc 8 87Q.7) CL-8103.2) 12 97(5.4) CL-BI/CEC-89(2,5)
W 0.000 o8 b g.402 Ut 8 835 CL-79(2.8) 12 90(.5) CL-79/Fe-87(2.2)
va, N g 3 - o ot - Fe- ,
P 0,094 S Oles e Oxl 10 64(2.9) PC/CL-34/SH-50(3.0) 14 76(1.8) PC/CL-34/Fe-T1(2,6)
Dep Var: Cailon exchange capacity (CEC)
CLvs, PC 0,002 0.677 0,096 0.0%
BS va, pH 0,729  0.6%4 ¢.218 0.517 ver 5 55(.1) CV/DEP-50(6.4! B 76(4.5) 15W/CV-67(5,2)
Fe vs, 1SW 0,015 0,45 0,789 0,375 0,504 0,008 Mol 5 7B(.9) CL-74(5.3) 8 83(4.3) CL-74(53)
CLva, Fe 0.0%4 0,29 0,513 0,167 0,284 Q228 Alf 5 47(6.5) (5 variables) 9 69(:.0) Fe/pH-60(5,6)
0C vs, CEC 0,110 0,308 0,036 0,130 0,297 0,702 Inc 8 66(7.5) SC/pl/DEP-87/CL-62 12 82(5.4) lS\:-;b/pH/DEI’JJ
* A blank {ndicaies that onc or both of the varisbles were ubsent from the partlcular ue 8 4809 (8 g;:l)nbles) 12 711.9) 15&,20)(:_“(2' 9)
program, .
1 An underlined value fndicates that r! {s based on a negaflve r, Oxi 10 48(2.5) (10 varlables) 14 820.5) 0C-70(L.9)
Dep Var: Organic carbon (OC)
(15W) of Vertisols from field properties, clay content ver 5 67(0.4) DEP-5/CV/SC-66 0.4) 8 76(0.3) oE(g-‘S;&/CEC/SC-n
(CL) was the most important variable, depth (DEP) was Mol  § 64(0,5) DEP/CV-60(0,6) 8 650.5) DEP/CV-60(0,6)
. . Al 5 S2(0.6) DEP/CL/CV-52(0.6) 9 65(0.5) DEP/Fe-60(0,5)
the next most important variable, and color value (CV) Inc 8 76(0.4) DEP-50/GD/pH/PC-T4 12 78(0.4) DEP-50/GD/pH/Pt -2
. . : .4 0.4
was the third most important variablc. All three variables U 8 S20.8) Ds(g/c)v/cD/CL-suo.s) 12 67(0.6) DEP/CEC-59(0.7)
were required to produce an R? of at least 50%, (63%), Od 10 590.8) DEP/SZ-530.5) 14 850.5) CEC-79/DEP-8200.6)
d b s d lh e (h Vi . bl lh ( d d Of Dep Var: Extractable lron (Fe)
a.n ased on €s . ree vania e?’ e standar errolr cs- Ver S 10(0.9) (5 variablea 8 49(0,7) (8 variables)
timate was 1.4. With two additional field properties, the Mol 5 67(0.7) CV(gD7E)P-57/CUP"-67 8§ 730.6) 15‘(‘3/;;'-59/055’-66
total equation exhibited an R? of 68% and a standard error Al S 67(1.2)  CL-S1/CV-ST(L.4) 97 BBM.7) 15W-79/CV-8i{D.6)
. Inc 8 45(1.6) (8 variables) 12 82(0,9) 15W/SC-60/MC/BS-75
of estimate of 1.3. rev/ 7(2.0 2 76(1,9) ls&lr' ét))/m:p/cv 69
. . ut 8 620,8) CL/CV/DEP-37(2, 1 1. - -
As a secund example, consider tlie Oxisol laboratory and .8 ‘ 7

field property equation for 15-bar moisture content (15W).
With 14 properties, the equation exhibited an R? of 76%
and a standard error of estimate of 1.5. Thc most imper-
tant predictive property was plastic consistence (PC), and
the next most important property was clay content (CL).
Although these two propertics produced an R? that ex-
ceeded 50%, (54%), a third property—extractable iron
(Fe)—is listed since its inclusion increased R? by more
than 5%, (17%). With these three variables, the equation
cxhibited an R2 of 71% and a standard error of estimate
of 2.6.

DISCUSSION

Since the 84 soil profiles considered in this study do not
represent the complete range of variation of any order of
the new US Soil Taxonomy, relationships presented in this
report can only be indicative of relationships that may hoid
at the order level. Moreover, since these relativiiships are
derived from complete profiles, their use for prediction
should be limited to profile characterization.

The most useful multiple regression equation represents
a balance between the lowest number of independent vari-
ables and the highest R2, that portion of the total variation
of the dependent variable accounted for by the regression
equation. Although R? values of 50% are used as a crite-
rion in this report, the fact that a statistically significant re-
gression equation can account for 50%, or even 90%, of a
property’s variation does not determine whether the prop-
crty can be successfully omitted from tropical soil data
acquisition. The regression R2 must be related to the prop-
erty's actual variation. If the residual error (i.c., standard
error of estimate) is still intolerable to the user, he would
not forego the property’s measurement.

Referring to the R? values (Table 4), it is clear that most
equations which contained all independent variables exhib-

(1.7
oxd 10 S7(2.4) SH/CL/MC-55(2,5) 14 747 SH/CI{MC«SS/I&W—M

Dep Var; Base Saluntlon~ (BS)

All S B1(13)  pH-73/DEP-79(1d) 9 82(12)  pH-73/DEP-79(14)
Inc 8 78(15)  pH-69(17) 12 79(14)  pH-6917)

utt 8 50(12) (8 variables) 12 60{11)  pH/DEP/F2-51(12)
oxt 10 81(12)  pH-52/SH-7.(14) 14 85(11)  pH-52/SH/PC/Fe-82

a2

* N equals the number of independent variables,

t R? values have been muitiplied by 100 and rounded to two significant places,

t All regression equations, except Fe vs, (icld properiles in vertlsols, arc significant
at the 0,01 level,

ited relatively high predictive power. Field property equa-
tions did not explain as large a proportion uf the variation
of the dependent variable as laboratory and field property
equations, yet in most cases, their R? values did exceed
50%.

15-Bar Moisture Content (15W)—As reported by many
authors (Petersen et al., 1968), clay content (CL) is gener-
ally a reliable predictor of 15W. Clay content, alone, ac-
counted for 77 to 81% of the variation of 15W in Molli-
sols, Alfisols, Inceptisols, and Ultisols. Although CL could
account for only 43% of the variation of 15W in Vertisols
(Table 3), the total variation to be accounted for was rela-
tively low (Table 2). In contrast, Oxisols exhibited 2 low
correlation (12 = 0.283) between CL and 15W. If soil
characterizations were to omit 15W, with the presumption
that 15W could be reliably predicted by CL, they would
likely be in error whenever their source data was heavily
weighied with Oxisols or comparable 1:1 clay soils.

Cation Exchange Capacity (CEC)—With laboratory and
field properties, one or two variables were sufficient to ac-
count for over 50% of the variation of CEC in every order;
without laboratory properties, only the Vertisol, Mollisol,
and Inceptisul equations could explain 50% of the varia-
tion. It is interesting to note that only Mollisols exhibited a
high correlation (r2 = 0.734) between CEC and clay con-
tent (CL), and that onty Oxisols exhibited a high correla-
tion (r2 = 0.702) between CEC and organic carbon (OC)
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(Hallsworth and Wilkinson, 1958). It is obvious hat clay
mineralogy has a direct bearing on the capacity of CL to
predict CEC (Helling et al., 1964), and with the exception
of Oxisols, OC appears to be an unreliable predictor of
CEC.

Organic Carbon (OC)—The inclusion of one or two var-
iables in the laboratory and ficld property equation of ea.n
order was sufficient to account for at least 50% of the var-
iation of OC; moreover, the primary variables in the Verti-
sol, Mollisol, and Inceptisol equations were field-, rather
than laboratory-determined, properties. In contrast, with
only field-determined properties, the Oxisol, Alfisol, and
Ultisol equations required two, three, and four variables,
respectively. In that depth (DEP) was the most important
predictive property in 11 of the 12 equations, it is thought
that a nonlinear model, e.g., log (OC) = a + b (DEP),
would provide substantial improvement in the prediction
of OC.

Extractable Iron (Fe)—Although neither Vertisol equa-
tion could explain 50% of the variation of Fe, cnly one
variable was required with both Alfisol equations, two var-
iables with both Mollisol equations, and three variables
with both Oxisol equations. In' Ultisols, 15-bar moisture
content (15W), alone, accounted for 507% of the variation
of Fe; without laboratory properties, three variables were
required. The importance of laboratory-determined proper-
ties was best evidenced in Inceptisols: with laboratory
properties, two variables explained 60% of the variation of
Fe, but without laboratory properties, eight variables could
explain only 45%. The fact that 15W was often a primary
variab:2 in predicting Fe is partly attributed to the associa-
tion between Fe and soil structure or aggregation (Mcln-
tyre, 1956). In this context, shape of structural unit (SH)
was the most important predictor of Fe in Oxisols, the only
order which contained SH as an input variable.

Base Saturation (BS)—Soil reaction (pHj, alone, ac-
counted for over 50% of the variation of BS in Alfisols,
Inceptisols, and Oxisols. In contrast, to explain 50% of the
variation in Ultisols, the equations required three variables
wher Jaboratory properties were included and eight varia-
bles when they were not. Although reasonable estimates of
BS can generally be obtained from measurements of pH,
the low correlation (r2 = 0.218) between BS and pH in
Ultisols indicates that this relationship cannot always be
employed successfully. (Neither Vertisol nor Mollisol data
contained BS.)

CONCLUSIONS

Although the results of this study have inherent limita-
tions (e.g., only 9 to 15 soil properties were considered,
sample sizes were small and non-linear models were not
investigated), they point to the potential of regression analy-
sis for expediting soil characterization, they emphasize the
potential for error, and they suggest one means of alleviat-
ing this error.

The potential of regression analysis is demonstrated by
the fact that equations comprised of only clay content, soil
reaction, and field-determined properties could provide
reasonable estimates of: organic carbon in Inceptisols; cat-

ion exchange capacity in Mollisols; base saturation in Alfi-
sols and Oxisols; and 15-bar moisture content in Mollisols,
Alfisols, Inceptisols, and Ultisols. Further, the inclusion of
only one laboratory-determined property in the regression
equations of most orders was sufficient to provide reason-
able to good estimates of these properties, as well as of
extractable iron.

The results of this study also emphasize one obvious, yet
easily overlooked, source of error: a soil property that can
be reliably predicted in most soils provides no guarantee
that it can be reliably predicted in all soils. Although rea-
sonable estimates of 15-bar moisture content or base satura-
tion could generally be obtained from equations which
contained only clay content or soil reaction, clay content
provided a poor estimate of 15-bar moisture content in Oxi-
sols, and soil reaction provided a poor estimate of base sat-
uration in Ultisols. These findings indicate that soil prop-
erty values cannot be reliably estimated by regression equa-
tions wrich have been derived in an indiscriminate manner.

Contending that the reliability of predictive soil property
relationships, derived from any group of soils, will increase
as the degree of homogeneity of the soils in the group in-
creases, it is proposed that soils be classified, if only at a
reconnaissance level, before they are subjected to regression
analyses. Predictive soil property relationships can thereby
be derived from, and assigned to, the respective soil classes.

In this study, soils were grouped into orders of the new
US Soil Taxonomy (7th Approximation)—a comprehen-
sive classification system for which relatively few property
measurements are required to classify a soil at this categor-
ical level. If many errors associated witn regrassion can be
alleviated by some degree of prior soil classification, and
if a profile description and a few property measurements
are all that is required to place a soil into a meaningful as
well as repeatable soil class, there is ample justification for
establishing soil classes before regression analyses are ini-
tiated. This is not to suggest that regression must be treated
in the context of a conventional soil ciassification system.
Conceivably, aerial phiotographic analysis would provide a
suitable means by which to separate sufficiently homoge-
neous soil units at high categorical levels.

Whether soil property relationships derived from Puerto
Rican soils are valid elsewhere in the tropics remains to be
tested. It is expected, however, that if a particular soil in
Puerto Rico can be classified in accordance with an accept-
able classification system, its property relationships should
be comparable to a similar soil in any area of the tropics.
If predictive soil property relationships can be established
in one region of the tropics and applied in a second, the
time, energy and cost of soil characterization in the tropics
could be substantially reduced.
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