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HE effect of organic carbon on available wa-

EFFECT OF ORGANIC CARBON ON AVAII.ABLE WATER IN SOIL

L /\Ian Olness and David /\rcher

© A model of the. water-holdmg charactenstlcs of soxl is needed to de-
velop a systematic method for determining the value of organic C in soil.
In the United States, available water-holdmg capacity (AWC) in soil is
that water retained in soil between field capacity and the permianent wilt-
ing point; these limits are approxunated by that water retairied between
two energy limits: —1500 matrix potential (hygroscopi¢ and micropore

water) and about —33-kPa mattix potential (capillary rise). The General’

Energy Model for Limited Systems (GEMLS) was used to describe the ef-
fects of clay, silt, and organic matter on the AWC limnits. The U.S. na-
tional soil inventory database (more than 100,000 entries) was segmented
into narrow ranges of organic C content and silt content. The data from
each subset were plotted as a function of soil clay content. Because of an
apparent matrix transition effect, two complementary GEMLS functions
were used to describe the —33 kPa and —1500 kPa water content as a
function of soil clay, silt, and organic C contents. The model used six pa-
rameters (two function coeflicients, two energy coefficients, and two
critical clay contents), and required an initial manual fit of the models to

.the data subsets (about 100 * 20 observations). Criteria for acceptance

were uniform and homogenous distribution of the model residuals, ab-
sence of a detectable trénd in the residual distribution, zero error sum,
and maximal R2. The primary energy coefficients were correlated with
silt content. After the initial manual fit, the data were subjected to analy-
sis using the SAS PROC MODEL procedure and a variable energy coef-
ficient. Subsequent analyses indicated a complex- telauonsh:p between
the energy coefficients and the soil organic C content. A 1% increase in
soil organic carbon causes a 2 to >5% increase in soil AWC depending
on the soil texture. (Soil Science 2005;170:90-101)

Key words: Soil texture, field capacity, wilting point, General Energy
Model for Limited Systems .
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tions (ﬁnggs and‘Shantz, 1912; Alway and

ter-holding capacity (AWC) in soil has been
a source of controversy for nearly a century.
Working with a muck soil, Buckingham (1907)
noted that it retained much greater amounts of

“water (as much as 65% water) than mineral soils

at similar gravitational heads. Still, early observers
tended to regard organic matter as an incidental
and temporal contaminant of soil. Some of the
first soil water retention models ignored the.ef-
fects of both organic matter and particle interac-
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Russell, 1916; Smith, 1917; Middleton, 1920).

Because the models included all three particle -

separates, they also incorporated a flaw of multi-
collinearity. Nevertheless, all stressed the impor-
tarjce of soil texture on water retention, and clay
was viewed as a major factor. Thirty years later,

Smith and Browning (1947) showed a very dis-
‘tinct soil-texture effect on the water content at

—33 kPa and at —1500 kPa. Thﬂ‘y too lgnored
organic matter. However, their data showed that
soil that had a much larger organic matter con-
tent had the greatest available soil moisture ca-
pacity among the soils comparcd

While omission of organic matter from con-

sideration in early studies is thus understandable,
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it_is still surprising because organic’ matter was
generally recognized as.important to soil tilth and
meisture . relations.. For. exa.rnple, Alway and
Neller. (1919) studymg continyous cropping and

rotation systemis, concluded. that . . . “the difference,
in: orgamc-matter content . taused a marked: differ-
ence in the amounts of usdhl mouture . Theysaw

measurable increases in both avalhble water and
crop yield.

-Several studles obtamed increases: in, AWC
rzmgmg from: about.0. 8 to 8:4% for each percent
inerease {n organic carbon (Big. 1) (Havis, 1943;
Stone:and Garrison, 1940 Russell et al., 1952;
Salter:and Haworth, 1961; Hambhn and Davies,
1977; Eniersori, 1995). Incteases as a result of ma-~
nure additiéns have ‘tended to be less than those
brought .about by indigenous decay of plant ma-
tetials. Thus, the range of estimates. for benefits of
organic carbon for AWC is quite large.

, Even so, Jamison '(1953) concluded that ex-
cept for sandy soils, organic matter increases had
little effect on the capacity to store available soil

~ moisture. In 1958, Jamison and Kroth devcloped

a number of sxmple correlations between avail-
able-water and textural components and showed
that organic matter was correlated with available
water when all samples ‘were considered. Clay
and coarse silt seemed most consistently corre-
lated and organic matter was weakly correlated

w1th av:ulable water. In 1959 Lund also noted ‘the-

strong relatlonshlp of clay and available soil water
content, but hke prekus authors, he: 1gnored ef-

ORGANIC CARBON AND AVAILABLE SOIL WATER 91

fects -of :soil - organic matter on available water
content. o

The Man:h of the Models

With the development of the computer and
statistical methods, a flood of models. was pro-
duced in an attempt to describe soil water con-
tent. Assessing the factors that coritribute to wa-
ter retention in soil has followed two approaches:
‘the’ component approach and the systems or en-
ergy approach..

The C'om_'ponent./lpﬁroach

The component approach attempted to char-

acterize the contribution of various separates to-*

soil AWC.in much the same manner as Briggs
and Shantz (1912). Using this approach, Salter et

‘al..(1966) noted a different pattern of factors de-

pending:on the particle size separauon scheme
used (U.S..vs international).

Shaykewich and Zwarich (1968) descnbmg
—33 kPa ratrix potential water-content cor-
rectly, used only two soil separates plus organic
carbon and an organic carbon by clay interaction.
All coefficients are: positive: and, philosophically
speaking, this seems improbable, interactions -of
particle separates and organic matter should effect
reductions in some contributions, However, their
model contained no other interaction terms and,
in regard to soil structure. observatiors, the pmis-
sions are nnportant :

+ Havis-1 943

30 —

=] Stone & Garnson-1940
A Salter & Haworlh-1 961
o Russell. etal, 1952

: 'o Hamblin and Davnes
1977 -

 Available Water (% gfd)  *

o2 4

® Emerson, 1995 -

Orgamc Carbon (%)

Flg 1. The effect of organlc carbon on soil uvallable water.content (%) obtained by 0=
(1940); @ = Havis (1943); and, A = Salter.and Haworth (1941); © = Russell, et al. (1952); O = Hamblin and Davies .
"Emerson(1 995) Data fromn Storie and Garrison and Havls were adjusted according to the rela-

(1977); and @ =

- Stone and Garrison -

tionship: Field capacity = 7.04 +:0.721 "'Mcnsture equlvalent Rg =0.86 (developed from data glven by Velhmeyer

and Hendnckson 1931)
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* Petersen et al. (1968) produced partial of sim-

ple linear segmented models of soil water using
regression techniques for eeach soil texturat class

in the USDA system. These models used dne or
two soil separates (usually clay), organic carbon,

and bulk. dcmmy.(pg) Organic carbon was 2 fac-

and i mcreases in orgamc carbon were predlcted to

) ver, their rnode]s
for AWC_ often_ used clay (in. the range of 0 to
65%) or silt and py, but organic carbon was used
infrequently. Like Lund (1959), Petersen et al.

(1968).stressed clay content as a major factor in
both —33 kPa and —1500 kPa matrix potential
water contents and often in AWC, Their qua--
dratic equations. require AWC, as a function of
clay content, to. decrease once the clay content
reaches about 34%.

Gupta and Larson (1979 produced a muld-
ple regression model of soil water that included
texture, organic matter, and pg. This simple linear
and segmented model has given a rather good
and competitive description of the data, but in-
clusion of py and of all texture groups also incor-
porated collinearity of the variables. Rawls et al.
(1982) used the Gupta and Larson approach and
developed three regression models using different
combinations -of sand, sand and clay or silt and
clay, organic matter, and, for. some, pp- Baumer
and Brasher (1982) developed a similar model but

_included cation exchange capacity and pore vol-

ume in lieu of pg. However, inclusion of cation
exchange capacity creates another parameter
identification problem due to collinearity. If
cation exchange capacity is an important vari-
able, it suggests that both clay type and organic
carbon are important. Much earlier (1950),
Woodruff’s work also suggested that clay type
might influence water retention.

Thus, most models to date predict that addi-

tion of organic matter to soil will effect a simple

increase in water held at both —33 kPa and
—1500 kPa limits and, consequently, have negli-
gible effect on AWC. Two approaches offer seri-
ous opposition to acceptance of the constant ef-
fect of added organic carbon. In 1992, Baper and
Black (Bauer and Black, 1992) reported that in-
creases in organic carbon had no effect on avail-
able water for fine textured soils. Their model in-
dicates that both organic carbon and clay interact
in a complex manner but do not affect available
soil water content.

Using texturally limited data sets, Hudson
{1994) showed that the change in water-holding

capacity with changes in organic carbon was de-
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pendent on soil texture. This work was really the
first to illustrate the complexity of the effect of
orgahic carbon’ on s0il water retention and ac-

“knowledged implicitly interactioris between var=

ious components without involving them ina
model: His estimates for increases in available wa~

. ter- ranged from about 2.2% to 3.7% per percent

organic carbon and are very similar to those of
Stone and Garrison (1940). The largest increases
observed by Hudson came with sile loam soils
and diminished with coarser or-finer textured
soils.

" "Heinonen (1954) “observed ‘that water re-
tained against a given matrix potential increased
as the py of the soil increased. His observations
and those of othets have led several ‘workers to
use pyp in their- models However,’ pB is descr1bed
mathematically as: :

pp = k'Yclay + k% silt + k"% sand + m,,V, ™ (1)

Where k = mineral mass divided by the bulk vol-
ume, V,,

and m V,7'=the mass of organic matter @
divided by the bulk volume.

While k varies slightly between soils, the range of
values is often rather small. That py is describable
mathematically as a function of particle separates
explains why correlations have been obtained be-
tween soil water conteént and p}3 (Renger, 1971).
However, when used in combination with any
particle size fraction, py introduces an element.of

-collinearity (or redundancy).

Systems Approach

Parallel with the component approach, sev--

eral investigators used the systems or energy ap-
proach of Burdine (1953). Brooks and Corey
(1964) used this model to describe fluid move-

‘ment through porous media. The relative satura-

tion was related to.the minimal capillary pressure
at which a continuous nonwetting-phase (air) ex-
isted throughout the medium.

Most subsequent authors ignored a weakness
of the Burdme—Brooks—Corey (BBC) model, the
power fiinction superstructure, and proceeded to

evaluate the exponent. The power function can-

not accommodate both upper and lower limits.
Clapp and Hotnberger (1978) showed that the
exponent of the BBC model could be related to
clay content, bt they ignored effects of organic
carbon, and their conclusion that the exponent

" tems (GEMLS; see
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SEly. corelited. with’ clay tonterit may have

been cempronnsed,by 1gnonng changes in organic )

ent. Most soil organié matter is éldsorbed
€5 (mamly clay);and the clay component

This, cxplalm the relative success.of models that ig-
BOte. -organic. garbon -as an independent compo-
nent. De Jong (1982) pointed out that application
of the Clapp-Hotnberger' parameters were often
inadequate t0-describe:soil 'water reténtion.

- Mualem (1976) proposed describing relative
conductivity by expanding the effective satura-
tion to .accommodate the change in water con-

tent with the change in miatrix potential through -

modification of the exponetit of the BBC model.
Shortly. thereafter; van Genuchten (1980) incor-
porated additional parameters in'the effective sat-
uration term needed to fit observations. -

Bloemen (1980) showed that the exponent of
the BBC- model -is. closely cotrelated. to- (or af-
fected by) soil organic matter-content. McCuen
et al: (1981) also.found that the parameter valites
for the BBC model varled collecuvely across-soil
texture classes.’

' More recently,"ff‘omase]la et-ali '(2000)-'est1-'~
mate'd "the' “eémpifical - constanits -of " the. van
Getirchitet! ‘model " (1980) as fiinétions *of soil
propetties, including py and organic ¢arbon using
a multiple regression technique. Fhey concluded
that organic ¢arbon has little effect ‘on’ 'the water
content-of soils (organic carbon ranged from as
little-as-0:06- to 59.5 g kg'“1 soil) except in the
—1500 kPa-range. -

~“Fhe energy models are: all closely related-and
suffer the same weaknesses. They assime, without
justification, that 2 stmple power function for the
superstructure’ of the model is adequate - if not
correct. ‘These ‘models -also assume a ‘constant
slope in-the release’ of water as'z function of the
eniergy imposed between the limits of the air en-
try matrix potential and field capécity,several au-
thors have noted that this assumpuon is v101ated
for many soils;. " . il

- Our primary Ob_]CCDVC was developrnent of
an unproved soil ‘water retention function for-use
in the ARS-N ferfilizer decision-aid’ (Olness et
al,, 1999): A second -objective was resolution of
the contribution by organic carbon to soil water
retention and to available soil water. For this eval-
uation we adopted the energy concept (Burdine,
1953; Brooks and Cotey, 1964; Mualem, 1976;
van Genuchten, 1980) of fluid ‘retention, but we
used thé general energy model: for. limited sys-

tems (GEMLS; see appendix) for its'description.
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MATERIALS AND METHODS

. Available water was calculated as the differ-
ence between —33 kP2 and ~1500 kPa and wa-
ter contents in_the USDA-NRCS national soils
inventory database (meoln, NE; for methods see
USDA-NRCS, 1966). Because the database is
very large (>100,000 entries), it was segmented
ina srepwme manner. First, the database was seg-
miented. into organic carbon intervals of 0.1%.
Next, each subset was divided into silt ranges of
5%. Finally, each subsubset was divided into
groups, of about- 100 * 20 entries. to enable
graphical visualization of individual data points.
Five organic carbon. content ranges centered on
0.35,0.85, 1.35, 2.35, and 4.85% were selected
for model fitting and parameter estimation. As
the organic carbon content increases, the number
of entries for each range lessens. To obtain sets
with similar numbers of values, ranges were ex-
panded. The ranges were: 0.30 to 0.40%, 0.80 to
0.90%, 1.0 to 1.7%; 2.1to 2.6%; and 4.0 to 5.7%.
- Data from each subsubset were plotted and
initially fitted manually to the GEMLS using clay
content as ‘a.surrogate for surface area (hygro-
scopic' and ‘pore). A fit was accepted when' the
sum of the errors equaled 0 and the residual val-
ues were uniformly distributed without evidence
of pattern when plotted against the clay content.
After a manual fit was obtained, the estimated pa-
rameters were used with the SAS PROC
MODEL routine to obtain refined model esti-
mates. The energy coefficients were then plotted
against silt content to determine whether the en-
ergy coefficients'were stable over all silt ranges or,

if not stable, whether they showed a consistent

pattern.

Once the clay and silt particle size fracuons
were evaluated, estimates of water retained at
—33 kPa and —1500 kPa matrix potential were
obtaihed and the available water content range
deteérmined. Available water corntent ranges for
two organic carbon subsets were assessed; and an
estimate of the effect or lack thereof of ofganic
carbon was estimated. In order to obtain an’ ésti-
mate of the relative effect of increasing soil or-
ganic carbon on plant available water, we arbi-~
trarily chose the organic carbon ranges of 0. 35%
and 2. 35% for evaluation. - - : :

RESULTS AND DISCUSSION

For soils with about 0.35% orgamc carbon,
water retained at both energy levels (—33 kPa and
—1500 kPa matrix potentials) were strongly cor-

" related with clay content (Fig: 2). The relationship

)




appears nearly linear over-the range of 0-to 45%

~clay. Use of the GEMLS resulted in 2 uniform dis-

tribution of residuals (Fig. 3). Most residuals were
less than 5%, but a few were greater than 10%.
The results were not much different than' those
observed by Smith (1917) for much simplér mod-
els. However, when the clay content range is ex-
tended beyond 45%, a change in the slope of the
relationship is clearly evident (Fig, 4). This change

in slope begins between 40 and 50% clay content.

25

‘Water Content (%)

0 B :
»,,...V...o_w..,. B A | gaaeTEtS. || SUSIINTEEEY .1 | R
Clay Content (%)

Flg. 2. A typical relationship of water content as a func-
tion of soll clay content. The values represent water con-
tent at ~1500 kPa matrix potentlal for solls containing
0.35% organic carbon and silt contents of 50% to 55%.
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Fig. 3. Distribution of residuals for the general energy
modei systems applied to the data shown inFig. 2.
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Water Content (%)
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Clay Content (%)

Fig. 4. A typical relationship of water content as a func-
tlon of soil clay content. The values represent water con-
tent at —1500 kPa matrix potentlal for soils containing
0.35% organic carbon and silt contents of 10% to 15%.
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-.Many previous- efforts either ignored soils
having very large clay fractions or assumed that
any.change in slope was an error of measurement.
The. change in slope could, however, be an arti-
fact of measurement; that is, the relationship is re-
ally continuous-and a single energy effect is in-
volved. If an -error, it seems to begin at clay
contents of about.20% or that amount.of clay at
which the water content increases, at a decreasing
rate,-as the clay content increases. If this is the

case, the error-seems-to diminish as the clay con-.

tent exceeds 40%. An alternative hypothesis is
that a‘second energy effect-becomes dominant at
clay contents greater than 40%; this is accommo-
dated by adding a second GEMLS function to
the first GEMLS function (see example in Fig, 4)
to create a two-function model. Certainly, water
retention at —1500 kPa matrix potential involves
both hygroscopic water and water. contained.in
micropores that is unavailable to plants, and:these
two effects are not closely correlated (Stone and
Garrison, 1940). The effect is equally apparent in
water retention data at —33 kPa matrix potential
(data not shown). _ ’
Regardless of the cause of the change in
slope, the two-function model gives a close de-
scription of the data as is shown by the residual
distribution (Fig. 5). The variance in water con-
tent increases as the clay content increases (not
shown), and this may reflect water retention in
micropores (a structural effect), increasing diffi-
culty in obtaining retention data, or both.
Application of the GEMLS to water content
at —33kPa matrix potential shows a similar fit
with the data (Figs. 6 and 7), but the variance has
increased substandally. It seems reasonable that
part-of'the increase in variance is the result of dif-
ferences in soil structure and pore size distribu-

Clay Qontent (%)

"~ 100

Reslduals (%)

Fig..5. Distribution of residuals for the two function en-
ergy model systems applied to the data shown in Fig. 4.
The values represent water content at'—1500 kPa ma-
trix potential for solls contalning 0.35% organic carbon
and slit contents of 25 to 30%.
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" don (Childs; 1940). Any change in sope ‘of the

‘water content"Curve is faintly ‘expressed at best,
but™a. shghtly betierfit (lack of pattern’in. the
tesiduals) is obtained by retaining the two-fluic-
tiorimoadel. -

. A plot of the energy coefficients, k values, as
a function of silt content suggested a systematic
'vanauon w1th st content (Flg 8) o

- ST 1007
S Clay Content (%)

Fig. 6. A typical relationship of water content as a func-
tion of soll clay content. The values represent water
content at —33 kPa matrix potential for solls containing
0.35% organlc carbon and silt contents of 15 to 20%

Resnduals (%)

. 100
‘ ?'C|ay Co‘rité‘nt“(%) '

Flg 7. Distribufion of reslduals for the two functlon en-
ergy model systems applled to the data shown in Fig. 6.
The values represent water content at ~33 kPa matrix
potentlarfor solls’ contalnins O 35% organlc carbon and
silt conten!s of: 15 to 20%

LE 020 ¢ -
Rgg_. 015,
.;_ '3 0,10 |
l.ﬁ cD__O___05_-
: 8;0.00: 1 —
B 'o 150 100
Sllt Contant (%) -

Flg 8 A plot of the derived energy coefﬂclents (<>) =
first function and [1 = second function)-as a fuhction of
solf siit content for —~1500 kPa- matrix potentlal - water

content and organlc carbon content of 0.35 =+ 0.05%.
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The indicated relationship was:

k=a—q@sl) -~ (3

.and-'l.:.h.is can bé rearranged to givé:
k=Kp-—%sl) @

* This relationship is quite logical because as
the number of coarser silt particles increase, the
total surface area decreases and the amount of .
‘water retained also tendsto decrease. Subsututmg
the silt relationshipinto the madel and evaluating
the data with SAS PROC Model, we obtain re-
fined estimates of the remaining parameters.

When the energy coefficient, k, in the equa-
tion is substituted into the model, k" becomes the
new energy cocfﬁc1ent and we obtain a logical
silt-by-clay interaction in addition to indepen-.
dent silt ‘and clay contributions. For example,
substituting into the original équations:

k(% c:]‘ayr—Co) o o ()
we o_bfgin:
ek'(p — % silty* (% éhy—c?) - (6)
or
ek’(p%clay — pCo — Y%silt*% clay + % silt'Co) (7)
where p =-a coefficient modlfymg the relatxve
contribution of clay.
Thus, the model indicates that total surface area

available for interaction or pore surface formation
is - more important than particle size distribution. It

is lrnportnnt to remember that:the choice of parti-

cle size limits in soil is arbitrary. For examplé, if the
finer “silt ‘size limit ‘were ad_]usted to something
greater or lesser than two microns, the general rela-

“tionship would be retained but the value of p would

change! It quickly becomes apparent thav the ap-
propriate parameter for use in the exponent is total
mineral surface area or the geometric mean particle
radius. In this respect; the surface area conclusion is
corisistent withi the sugigestion of Brooks and Corey
(1964) that the exponent in the BBC model, \, was
a pore size distribution index. Arya and Paris (1981)
made a similar suggestion: usmg a very different ap-
proach- on soils without organic matter. Certainly,
total pore space depénds on the total ‘mineral sut-
face area, and ‘this can be apportioned between
muny small pores or a few large pores.
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A comparison, of the water contents at =33
kPa matrix potential with that at —1500 kPa ma-
trix potential provides an_estimate of the available
water at a given subrange of organic carbon con-
centrations. More. 1mportantly, the derivative of
the function with respect to silt or clay shows ‘the
marginal contribution of either component (or

* total surface area) within the matrix to water con-

tent at a fixed carbon content. Because the resid-

als of the models are distributed uniiformly, the
final difference between models for —1500 kPa

and —33 kPa matrix potentials is equal to that ob-
tained by modeling available water directly:

The next step is application of the same
model fitting procedure to soil having different
organic carbon content ranges. Once each carbon

content range is modeled, the difference between
any two ranges for a given textural class provides

an estimate of the contribution of organic.carbon .

to available soil water-holding capacity (Fig. 9).
The result shown in Fig, 9 is also obtained man-
ually by subtracting available water at one organic
carbon range from that at another organic carbon

range. The results illustrate that available water

content is strongly influenced by soil organic car-
bon and that the effect of organic carbon varies
with soil texture or total mineral surface area. For
example, without clay content, an increase from
0.35% organic carbon to 2.35% organic carbon
increases available water content by about 5%
(gravimetric) or about 2.5% for each percerntage
increase in organic catbon. At clay content of

" 40%, the sarne change in organic carbon increases

the available. water content by more than 10%.

-The effect of increasing available water content

with increasing organic carbon content ceases at
about 40% clay content, decreases as the clay con~
tent increases from 40 to 60%, and then increases
rapidly with clay content greater than 60%. Over
the textural range used, the results are consistent,
in a general manner, with those of Hudson
(1994). The pronounced increase in available wa-
ter at clay contents greater than 60% at first seems
to be an anomaly, but it is actually a consequence
of the apparent change in slope of the water re-
tention curve. This region has been virtually ig-
nored by most modeling efforts. The results ob-
tained using this approach tend to agree - with
those of Petersen et al. (1968) in that their qua-
dratic model suggests a decrease in the effect of
increasing the clay content beyond 40%. The
magnitude of the effect of organic carbon on
AWC also seems consistent with many other ob-
servations (Stone and Garrison, 1940; Havis,
1943; Russell et al., 1952; Salter and Haworth,
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Fig. 9..The change in available w&ter content caused by
an Increase -of organic carbon from 0.35 to 2.35% for
solls contalnlng.s7§.% clay.

1961; Hamblin and Davies, 1977; Emerson,
1995); an increase in organic carbon of about 2%
will increase AWC by about 1.5 to 17% (Fig. 1).
Part of the range of values is undoubtedly the re-
sult of the different methods used and the errors
involved in reconciling them. In all cases, how-
ever, the increase in available water content with
‘an increase in organic carbon seems to be nearly
constant over the ranges examined.

Why do our results contrast so strongly with
those obtained by many others? First many of the
modeling efforts have used segmented models of
the soil components with no interactions, and
several have assumed, at least implicitly, a constant
contribution of each component g priori.

In 'the absence of organic matter, all water is
retained as a function of soil porosity and total

* exposed mineral surface area. As an increment of

organic matter is added, it is adsorbed on and oc-
chides a portion of the mineral sufface. A subse-
quent addition of orgianic carbon then has a
probability, p,, of adsorbing on the mineral surface
or on the previously adsorbed organic carbon, p,’.
Further additions of organic carbon encounter
diminishing probabilities of interacting with
mineral surfaces (that is, p,, < p;) and increasing
probabilities of interacting with previously ad-
sorbed organic carbon (that is, p_ > p,).A situa-
tion is finally reached when most increases of or-
ganic carbon must interact with ‘previously
adsorbed organic carbon and the water retention
characteristics are largely determined by pore size
distribution of an organic substrate having a min-
eralogical skeleton, The water retention charac-
teristics begin to mimic those of a peat or organic
material (Feustal and Byers, 1936). An additional
complexity is the relative state and amount of
‘amorphous Fe and Mn oxides (reduced or oxi-
dized), which tend to form an a.morphous min-
eral-organic carbon complex.
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2 Thus, 35 the:carborr coritent increases, the sys- .

tem. changes graduatly fromra miteral
matrix to: a carbon—dommated thatrix; the. or-
ganic cathon content at” which’ this change in
domirrition occurs depends on the amounts. ind
types of clay. (togal; surfacc) present. This. chang—
ing nature of the matrix explains somie (but cez-
tainly not-alf) d1vergent conclusxons teached by

et:ﬁ - with. “regarditosthe: miporti‘nce oT orgamc'
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The particle size. coefficient, p, may be de-
creéasirigas. the organic ‘carbon ‘content increases.

" (Fig. 11). Such a result is logical becaiise the effect

of clay and mineral surfaces on water retention di-
minishes continually. as the ‘organic carbon .con-
tent-incréases. The-approach used here is tedious
and ineffective for providing an adequate defini-
tion of the extracted-particle size coefficient.

'y 400 [ ——
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Flg 11 A plot of particle size coefficients, p, in the wa-
ter retention model as a function of percent soll organic
carbon

The energy coefficients may decrease as the
organic carbon content increases, but the number
of data points extracted are too few and the vari-
ance too great to conclude that this is the case
(Fig. 12). A decrease in-the energy coefficient, k’,
would suggest that the organic carbon effect is
complex. Such a result is consistent with greater
organic carbon to- organic ‘carbon interactions. as
the --organic  carbon. .concentration : increases.

e Again, a different analytical approach is neededto

determine the relative stability of the energy co-

efficient. Also, the clay coefficient may decrease-in

the first phase (silt dominant) but remain rather

. stable in the second portion of the model (clay

dominant)' If 'this is the case, then these coeffi-

B cients.can be partitionéd- further to-provide or-
" ganic carbon interactions with each component
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In addition to its possible effects in the model
exponents, organic carbon also seems to affect the
model function multipliers directly (Figs. 13 and
14). These seem to increase as organic carbon
content increases when the matrix potential is
—33 kPa. The effect of changes in organic carbon
on function -multipliers seems much smaller at
—1500 kPa matrix potential, except, perhaps, for

-the second GEMLS function multiplier, but this
should affect only those soils with' greater than
40% clay content. The result suggests an addi-
tional, nearly independent of texture, effect of soil
organic carbon on water retention at —33 kPa
matrix potential.
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Fig. 13, Function multipliers for the general energy
model for water retalned by soll at —1500 kPa matrix
potential plotted as a function of soll organic carbon
content,
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Fig. 14. Function multipliers for the general energy
model for water retalned by soll at —33 kPa matrix po-
tential plotted as a function of soll organic carbon
content.
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Various' models have recently been compared
in an‘attempt to identify the model that has the
smallest residuals (for example, Tietje and Tap-

kenhinrichs, 1993; Cornelis et al., 2001). These .’

attempts_have ignored the redundancy features
conuined in several models and may be mis-
specified. As'a consequence, the true contribution
of individual factors may be unresolved. Residu-
als obtained with the general energy model for
limited systems are on the same order of magni-
tude a3 those reported by Smith (1917). Residu-
als reflect errors in measurement plus other, un-
accounted for factors omitted. from the GEMLS.
These factors likely represent effects of soil struc-
ture that go beyond a description of individual
soil components and reflect the component as-
semblage. Model residuals from coarse . textured
soils-with poor structure should quantify effects
of nonstructural errors, whereas residuals from
soils with- greater clay and- organic matter func-
tions include errors caused by structural effects. If
so, the effect of soil structure on water retention
has economic implications for soils in subhumid
and semiarid areas.

A general relationship between soil structure
and texture has been recognized for quite a long
time. For example; Bradfield and Jamison (1938)

-observed that soils devoid of colloidal material
had only single grain structure and had no com-~
pound particles. Petersen et al. (1968) concluded
that interaction terms between textural classes in
water retention models were necessary to de-
scribe the effect of structure on soil available
water-holding capacity. Cosby et al. (1984) ac-
knowledged that a close relationship -between
texture and structure is expected: Jamison and
Kroth' (1958) noted that development of soil
structure did not improve water storage capacity
by itself, and, in some cases, improvement of soil
structure seemed to result in both a loss of avail-
able water storage capacity and increased perme-
ability of soil to water. '

In 1907, Buckingham attributed differences
in rates of evaporation of water from soil to the
soil structure. Thirty years later Bradfield 'and
Jamison (1938) lamented that .. .*“We do not have
as yet, however, satisfactory methods for giving quanti-
tative charactenization to the physical state of sojls in the
natural feld condition . . . They (professionals) have
recognized great differences in the productivity of soils
having identical amounts and kinds of colloidal mater-
ial. This difference has been attributed to differerices in
the arrangement of particles or to the structure of the
soil” . ... They also noted- that soils having the
same total pore space could have very different
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: .,edgcd for-more. than 4 ¢

still-have no-rapid-means of: IMeasuriig .o assess-

-phiysical-properties with: respect to “water reten-

tion; Bloemén (1980) agrecd 4rid noted that both
pore” geometry {structure). and particle shape are
1mportant in water retention; they further con-
it hystereuc effects were 2 consequcncc
Wh.lle the ‘importance of struc-
n_has_been ack.nowl-
ry,;at_-ﬂ,l.lﬁ tme we

mg this very. fundamental soil property.

~~~~~ = Throughout:-development::of. the. model of
water rétention; we- have ignored possible-effects
of clay ‘mineralogy. ‘The work of Woodruff
(1950) suggests that clay ‘type influencés ‘water
retention. Certainly, differerices’it cldy mineral-

' ogy cortribute to model residuals, but the clay

fraction of soils is ‘generally.a mixture of mate-
rials, mcludmg silica, rather than pure miner-
aloglcal forms.-In addition; redox sensitive ox-
ides:..tend. to  obsciire some properties of

. individual minerals. As a consequence; the im-

pact of -clay mineralogy is much less than that

which one’ would predict for pure miinerals. .= -

‘Could clay mineralogy contribute to the change
inslope of the water retention’cutves at about
45% clay content? Here, no attempt was made
to separate soils by mmeralog]cal or geograph;—

Ccal ongm “and dita wete inclided: regardless of

partlclc size distribution,

CONCLUSIONS
= -Application of the general-energy model to

water retention data shows that organi¢ carbon in -

sl has 2 very complex effect on available soil wa-
ter-content. The effe¢t of added organic carbon

on avaalablc soil water .capacity depends on soil:

texture and the initial organic carbon content. For
many agricultural soils, water content is mainly af-

* fected by soil organic matter and soil structure.

‘Because of the: changing nature -of the soil

. matrix_(mineral-domiinated- to -organic carbon- .
. dominated surfaces) the change in AWC" ranges
from about 2.5 to 5% per 1.0% change in organic

_carbon in soils-containing less than 2:5% orgamc

carbon and’ lcss than 40% clay

l
O
3

APPENDIX

A Bnd Remew of t the Theory of the General Energy

Model for Linited Systems

Because retention of water in soil has natiiral
upper and lower limits, a power function model

. suchas t.hatlof B dme (1953) Mualem (1976) ot

ORGANIC CARBON AND ‘AVAILABLE SOIL WATER 99

van.Genuchten (1980) is. fundamentally inade-
quate. A more appropriate model is the general
energy model for limited systems (Olness et al.,

'1998), which has natural uppet and lower limits, -

The general energy model is a,composite of the
rate models of Arrhenius (1889) and Mitscherlich

' '(1930) mtegrated aver unit time. The basic func-

ton is:
A Q. = A[ ek(é-ﬂa) —¢K(B-E0)) / (ek(E-Eo) ¢ ~K(E-Ed) ) f e

where

Q = a quantity; in this case, Q is.the gravunetrlc '

moisture content of soil,
an energy. coefficient in %!
the maximal value’ of any quantity; here
water that can be retained by the soil at a
~given pressure or matrix potential, - :
E = the intensity of the energy form; here it is
the % clay which is a surrogate for mineral
~ surface area.
E, = a critical energy intensity given in terms of
the main factor as a specific value; here it is
given in % clay. Briefly, it is that point at
which Q increases at decreasing rates as the
. energy intensity (surface area) increases,and
t..= time, '

L
A.

!

When e~ k(E- E°)<<ek(5 ~E9) in the denomina-
tor; the expression reduces to the well known
Mitscherlich function. When eE-E) < < g=k(E-Eo)
in the denommator, the expression reduces to:

A(eZk(E-E» -1),

and, essentially, we have the Arrhemus funcuon
in shghdy modified form:

By adding a constant =1, the GEMLS be-
comes a relative descriptor and -negative values
are avoided. When a constant is added, the coef-
ficient, A, must be appropriately reduced.
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