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Abstract

The spatial variability of the saturated hydraulic conductiviy)(of a greenhouse banana plantation volcanic soil was
investigated with three different permeameters: (a) the Philip-Dunne field permeameter, an easy to implement and low cost
device; (b) the Guelph field permeameter; (c) the constant head laboratory permeldgveasrmeasured on a 345 array of
2.5mx5mrectangles at 0.15 m depth using the above three methgdsfdfences obtained with the different permeameters
are explained in terms of flow dimensionality and elementary volume explored by the three methods. A sinusoidal spatial
variation ofKs was coincident with the underlying alignment of banana plants on the field. This was explained in terms of soll
disturbances, such as soil compaction, originated by management practices and tillage. Soil salinity showed some coincidence
in space with the hydraulic conductivity, because of the irrigation system distribution, but a causal relationship between the
two is however difficult to support. To discard the possibility of an artefact, the original 70 point mesh was doubled by
intercalation of a second 245 grid, such that the laboratoKg was finally determined on a 140 point$2n x 2.5 m square
grid. Far from diluting such anisotropy this was further strengthened after inclusion of the new 70 points. The ppyosity (
determined on the same laboratory cores shows a similar sigmoid trend, thus pointing towards a plausible explanation for such
variability. A power-law relationship was found between saturated hydraulic conductivity and pokasif, (> = 0.38),
as stated by the Kozeny—Carman relation. A statistical reformulation of the Kozeny—Carman relation is proposed that both
improved its predictability potential and allows comparisons between different representative volukiegata sets with
different origin. Although the two-field methods: Guelph and Philip-Dunne, also follow a similar alignment trend, this is not
so evident, suggesting that additional factors affectneasured in the field. Finally, geostatistical techniques such as cross
correlograms estimation are used to further investigate this spatial dependence.
© 2004 Elsevier B.V. All rights reserved.
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Geostatistical tools have been used with this pur-
pose Cressie, 1993 and have helped researchers in
the study of the large variability thafs often ex-
hibits in soils {Varrick and Nielsen, 1980; Jury et al.,
1991). Additionally, and since the hydraulic conduc-
tivity is necessary for predictive hydrological models
(Vachaud et al., 1988; Braud et al., 1995; Moustafa,
2000, its spatial distribution is often required. How-
ever the direct determination dfs requires much

effort and is time consuming, because many measure-

ments are required to represent the intrinsic variation.
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soil is inhibited from other dominant hydraulic effects
present in the field (capillary effects, other dimen-
sional components, etc.). An example of this method
is the constant head laboratory permeameter (LP)
(Klute and Dirksen, 1986 selected for this work. By
contrast, field methods deal with the soil in natural
conditions and therefore small scale heterogeneities
(structure, texture, flora, fauna, soil composition, etc.)
may contribute to the above one-dimensional flow. It
is thus expected that these field effects will affect the
value and spatial distribution &fs, but to what extend

Thus indirect methods, based on other more easily this is the case is not well understood. The Guelph

measurable soil properties (such as porosity or tex-
ture), are sometimes preferredhuja et al., 1989
With this purpose in mind either empirically or phys-

(GP) Reynolds et al., 1983and Philip-Dunne (PD)
(Philip, 1993; Gomez et al., 2001; Mufioz-Carpena
et al., 2002 permeameters will be selected in this

ically based relationships have been developed to work as field methods.

predictKs. Among these there is the Kozeny—Carman
equation Carman, 193); a power-law that relatdsg
to porosity ):

Ks= A¢n (1)

whereA is a proportionality constant andis a fitting
parameter. In an attempt to improve the predictions
of the above model, some modifications Bf. (1)
have been proposed which replagevith the effec-
tive porosity,pe, calculated as the saturated water con-
tent minus the water content at 33 kPa matric potential
(Ahuja et al., 1984, 1989 Other investigators have
used parameters of the Brooks—Corey or fractal mod-
els to replace the exponentor the proportionality
constant,A in Eq. (1) by measured water retention
parametersKawls et al., 1993, 1998; Timlin et al.,
1999. Additionally, relation may also include the spe-
cific surface areaS (m?m=3), such that Petersen

et al., 199¢:
Ks o ¢" 55 ° 2

However, the above indirect methods do not always
lead to reliable resultsKtilek and Nielsen, 199

Comparison of the estimations of the hydraulic
conductivity with different methods on a spatial basis
has been poorly investigated in the paReynolds
and Zebchuk, 1996and particularly in relation to the
effect of agricultural practices on th&; distribution.
Comparisons of laboratory and fiekk methods in
terms of spatial variability are also rare. In addition
studies on the spatial variability of the hydraulic prop-
erties of highly micro-aggregated soils, as those of
volcanic origin, are scarceRpmano, 1993; Ciollaro
and Romano, 1995; Zhuang et al., 2D00bhe inten-
tion of this paper is thus two-fold. Firstly the spatial
distribution ofKs in a drip-irrigated volcanic soil ba-
nana plantation in the Canary Islands, is compared
using the above three permeameters. In particular we
shall concentrate on the performance of the PD in
predicting theKs spatial variability (since this is an
easy to implement and low cost but poorly studied
permeameter). Secondly, the predictive capability un-
der field conditions of the Kozeny—Carman relation,
which usually makes use of laboratory determina-
tions is investigated. Modified versions of (1) are also
investigated, in order to improve its predictability

thus researchers have resorted to direct measurementpotential and allow for comparison between the dif-

of Ks. Several laboratoryKJute and Dirksen, 1986
and field direct methodsAfmoozegar and Warrick,
1986; Ankeny, 1992; Elrick and Reynolds, 19%2ve

ferent permeameters. By comparing such a relation
with the laboratory and field permeametgg, con-
clusions are drawn about what soil properties may

been proposed to measure this soil hydraulic property. be determining the spatial structure of the saturated
Laboratory methods are based on a simple application hydraulic conductivity in the field. Conclusions are
of Darcy’s law in one dimension. In some cases, these also drawn about the consequences of soil tillage and
have the disadvantage of introducing artefacts becausemanagement practices on the spatial distribution of
of soil disturbance (e.g. compaction) and also that the the soil hydraulic properties of a banana plantation.
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2. Materials and methods
2.1. Soil physical-chemical properties

Vertical undisturbed soil cores were collected at
0.15m soil depth (top of the core) in stainless steel
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texture determinatiorBartoli et al., 1991in air-dried
samples. Particle-size distribution was determined by
the Bouyoucos densimeter methd8ee and Bauder,
19896.

Clay mineralogy was determined by X-ray diffrac-
tion in randomly oriented specimens and oriented sam-

rings using a centred hammer driven sampler. The core ples with glycerol and heat treatments (Philips PW
dimensions were 0.056 m internal diameter and 0.04 m 1720) Whittig and Allardice, 198f

high. Water contents in the laboratory for porosity es-
timation were determined gravimetrically. Field water

contents for the PD measurements (see below) were

obtained with a Trase Time Domain Reflectometry
(TDR) equipment (Soilmoisture Equipment Corp.) us-
ing a 0.06 m long three guide probe. A TDR soil spe-
cific calibration was carried out since this soil diverges
significantly from Topp’s equationRegalado et al.,
2003.

Water retention curves (WRC) were determined by

2.2. Field experimental work

A 850n? (333m x 255m) greenhouse drip-
irrigated banana plantation was selected for sam-
pling and measuring. This was selected because it
is representative of the agricultural practices car-
ried out in the Canary Islands on exportation crops
(mainly bananas and tomatoes). The plot is terraced
with an average soil effective depth of 0.85m over

means of Tempe cells on 10 steps of pressure up to basaltic fractured rock. The soil has volcanic ori-

90 kPa suction) and Richards pressure plates for

gin, clay loam texture (36t 6% clay, 21+ 2%

these additional pressure steps: 100, 500 and 1500 kPasilt, 43 + 7% sand) and exhibits andic proper-
For the description of the retention characteristic, the ties (bulk density< 0.9gcnt3, Alg + 1/2Fe >

model of Brooks and Corey (1964yas used:

v —A
o 070 _ <—) fory > ya
“h_a Va

1 fory < va

®)

where is the pore-size distribution index—a param-
eter related to the width of the pore-size distribution;
0, 6s andd, are the volumetric, saturated and residual
water contents, respectivel§. is known as the effec-
tive saturationy/, (L) is the matric potential at the air
entry point. Model (3) was fit to the water retention
data with the help of the SHYPFIT programyrner,
1995.

For the determination of the specific surfa&g,
the soil was first sieved to 2 mm, dried in vacuum to

constant weight with di-phosphorus pentaoxide and

finally saturated by adsorption in a sulphuric acid
atmosphereNewman, 1988 We chose this method

2%, phosphate retention- 85%). The soil may
be classified as an AndisolAfmas-Espinel et al.,
2003. The andic character translates into a stable
micro-aggregation and unusual values of soil bulk
density (087+0.08 g cn12), porosity (6642+2.42%)
and specific surface area (28017 m? g~1). A rect-
angular regular grid (8m x 5m) was laid out on
the plot surface yielding 70 grid intersection points
(Fig. 1). A regular grid was chosen since this repre-
sents a more efficient sampling scheriéepster and
Oliver, 199Q. TheKs measurement and sampling pro-
tocol is described elsewher#&l(fioz-Carpena et al.,
2002.

2.3. Laboratory and field permeameters

Laboratory measurements &% were made on a
recirculating constant head permeameter on undis-
turbed soil cores saturated with calcium sulphate fol-

instead of others more widely used, such as the lowing the procedure described Byute and Dirksen

ethyleneglycol method, because it is well known that

(1986)

the latter overestimates the specific surface in these The Guelph permeameter is a constant head well
soils Fernandez-Caldas et al., 1982; Gonzales-Batista permeameterReynolds et al., 1983, 198%onsist-

et al., 1982.
Na-Amberlite IR-120 (50@um mesh) cation ex-

ing on a mariotte bottle that maintains a constant
water level inside a hole augered in the soil. The

change resins were used as dispersing agent for soilsimultaneous approach for solving the Richard’'s
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Fig. 1. Sampling points and plant distribution of the experimental plot.

based steady-state equatiéilip, 1985; Elrick and et al., 2002. Alternatively, Vieira et al. (1988) have

Reynolds, 199p proposed to recompute the anomaldigsvalues (i.e.
5 5 ¢m < 0, a* < 1m1 o* > 100nTY) arising from
2 Hi Ks+ Cina®Ks + 2nHipm = Ci Q; (4) the double-head method, making use of the conduc-

tivity values obtained from the Laplace solutidf,
(which neglects the capillarity forces in the soil) and
the “correct’Ks values,Ks, via the empirical relation
Ki = ﬁK[. The fitting parameterg and y are ob-
tained from the log—log plot oK versusk .

The Philip-Dunne permeameter consists of a tube
of internal radius; = 0.018 m, vertically inserted to
a certain depth into a soil borehole with zero gap, and
then filled with water up to a heighitp = 0.30m at
time + = 0. During infiltration, the times when the
ues due to non-attainment of the steady-state, exper—leze (I)S) g?lef :iig?jg; t g;ngo\{vzit)ha;()jilerrr?gits);ltﬁgx ;Etthe
imental error, soil profile discontinuityE(rick et al., beginning @) and at t’he end of the test. To obtain
1989; Elrick and Reynoldg, 19?and ill-conditioning the value oKs with the PD, thePhilip (1993)analysis
of the simultaneous equationsg anda® = Ky /¢m makes use of a simplification whereby the disk-shaped
(I.Dh'“p’ 1983. To get around negativé(s values, a water supply surface is replaced by a spherical water
single-head procedure has been proposed, whereby &ont of equal area, i.e. of radius = r; /2. If R = R(1)

site estlr:;atedé ('js Antr;tljucked tolavi)g:é thfarhneed of is the soil wetted bulb radius from the water supply at
a second ponded hea (ic e_t al, 9 ne pa- time t, then the following differential equation holds
rametera® may be either obtained from soil textural

L i 3_.3
characteristics, from the meadi values of all positive ~ 7°R(R —ro) dR _ Yithot n?/8 R®—rg )
Ks values or by an optimisation procedutdgrtens 8roKs dr AB 3r§

requires at least two different water heads in the same
well. In Eq. (4) ¢m (M?s™1) is the matric flux po-
tential, Q; (m3s~1) the steady-state flow rate into the
soil, when the steady depth of water in the well is
H; (m), a (m) the well radius, andC; is a dimen-
sionless proportionality constant dependentHra.

The augered wells used in this study were 0.06 m in
diameter, with 0.05 and 0.1 m constant water levels
(H;), andC1 = 0.8, C2 = 1.2 (double-head method).
The double-head method may yield negatigeval-
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subjected to the initial conditio®(0) = rg, where

Yt (=*~1) is the suction at the wetting front and
AB=61 —6p. Eq. (5)may be integrated to give the tem-
poral variations of the wetted radius and water depth
(Philip, 1993. Making use of the two-measured times,
tmed andtmax and the increment in soil moisture con-
tent, A9, the values oKs and ¢ can be computed
(De Haro et al., 1998Appendix A inMufioz-Carpena

et al., 2002.

2.4. Statistics

Standard statistics was carried out WBWSTAT 10
(SPSS Inc., 200(nd spatial statistics was performed
with VARIOWIN 2.21 (Pannatier, 1996

3. Results and discussion
3.1. Statistical results

The saturated hydraulic conductivity was approxi-
mately described by a log-normal probability distri-
bution for the three permeametedfioz-Carpena
et al., 2002. Probability plots showed surface area,
porosity and theo* parameter to be also closely
log-normally distributed (results not shown). Mean
values ofKg for the different methods are summarised
in Table 1 The LPKs (27.90 x 10%cms™?) is

Table 1
MeanKs values(cm s71) + standard deviation (S.D.) for the labo-

ratory, Philip-Dunne and Guelph permeameters, with the two-head,

Laplace, Vieira and 0.05, 0.10 m one-head methods

Permeameter Method Med€ +
S.D. (x10%)

Guelph (GP) Two-head 12.0% 8.74
Laplace 10.24t 5.04
Vieira 6.72+ 2.61
One-head (0.10 m) 7.7F 4.24
One-head (0.05m) 5.24 2.86
One-head (0.10 m, 5.94 + 3.36
o =0.12)
One-head (0.10m, 8.42+ 4.77
o* =0.36)

Laboratory (LP) Klute and Dirksen 27.90+ 2.82
(1986)

Philip-Dunne (PD)  De Haro et al. (1998) 87.30+ 4.95
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placed in between the PD and GP. Differences be-
tween field and laboratory methods are well known
in the literature (see also discussion below). The
PD gives the highest values.{8 x 10 3cms™?)
while the Guelph permeameter shows a decreas-
ing trend from the two-head (127 x 10~4cms1),
Laplace (14 x 10%cms1), 0.10m one-head
(7.77 x 10%cms™1), Vieira (672 x 10%4cms?t)

and 0.05m one-head &} x 10~*cms™1) methods.
For the one-head method we used the mean=
0.22cnt! value obtained from the Vieira analysis.
This value fore* is placed betweea* = 0.12 cnT L,
proposed for structured clay loamy soils and un-
structured sands, and* 0.36cnT! for highly
structured soils and coarse sands, and it is thus con-
sistent with the expected@* deducible from textural
soil characteristicsHlrick et al., 1989. The errors
involved by choosing either of these two extrenie
values are though small (cf. row 4 with 6 and 7 in
Table J).

3.2. Spatial distribution of K

Fig. 2 depicts the contour plots of the spatial dis-
tribution of Ks obtained with the three permeameters:
LP, GP and PD. It can be seen that the KPfollows
a spatial trend that resembles the alignment of ba-
nana plants (compare withig. 1). Field Kg exhibits
a subtler aligned disposition, which is also smoothed
out because of edge effects that render some Kigh
values. Many factors may be responsible for these dif-
ferences. Flow dimensionality and the representative
elementary volume are considered here as the two
most relevant.

3.3. Flow dimensionality

Flow dimensionality may be a source of differ-
ence among permeameters. Horizontal saturated hy-
draulic conductivity,Ksp, determinations on a subset
of 10 cores showed significant differences between
Ksh andKs (meanKsp = 0.02275cm st and mean
Ks = 0.00093cm s1). Laboratory measurements are
mainly prevented from other than one-dimensional
flow components. Thus the faster horizontal wa-
ter flow component may counteract high vertical
Ks values in those permeameters that explore the
three space dimensions, i.e. field permeameters, and
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Fig. 2. Contour plots of the spatial distribution of porosity afglas determined by the LP, GP and PBy-axes labels denote distance
(m). The grey scale represeritg (cms™t) or porosity (cnd cm=2) values.

therefore smooth out spati#s differences.Basak 3.4. Representative elementary volume

(1972)found that the hydraulic conductivity of kaoli-

nite was greater in the horizontal than in the radial  The different volume explored by the three perme-
direction. X-ray diffraction shows that the dominant ameters: 2 103 m? for the PD and 4« 103 m? for
mineralogical phases of the studied soil are allo- the GP versus10~*m?for the LP Mufioz-Carpena
phane and halloysite and a minor phase of illite. etal., 2002, may be also an important factor that ex-
Halloysite consists of elementary layers of kaolin- plainsKs differences, since a larger volume averages
ite and water. Hence the anisotropic orientation of over more heterogeneities, and this results in a lower
kaolinite may explain the large horizontal conductiv- variability in the field methods. This agrees with the
ity (Basak, 197 and thus the differences between values obtained for the coefficient of variability, which
permeameters. Although the Philip-Dunne perme- is highest for the LP (101%), followed by the PD
ameter assumes a three-dimensional spherical flow,(56%) and GP (56 and 38% for the single-head and
this is a simplification made for mathematical con- Vieira Kg, respectively).

venience (see above). The “true” flow is initially

one-dimensional and approaches three dimensionality 3.5. Other factors: permeameter assumptions, field
only whenhg — h = 4A6prg (Philip, 1993. Such ini- heterogeneity, initial water content

tial disk-shape one-dimensionality may be reinforced

because of the orientation of clay particles, and thus  Even taking these considerations into account com-
yield large PDKs values. parison between different methods is difficult because
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of underlying assumptions, different response of the
permeameter to soil conditions, etBouma, 1983
Additionally, field specific heterogeneities (flora,
fauna, etc.) may also masKs differences within

a close neighbourhood. Although soil initial water
content,d;, was not monitored prior to the GP mea-
surements, no correlation was observed betwgen
and PDKg, contrary toReynolds and Zebchuk (1996)
who found that antecedent water content was slightly
correlated with GRKs. It is the increment in water
content before and after the test has been performed
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will decrease hydraulic conductivity through disper-
sion of fine clay materialsFig. 3 shows the surface
plot of LPKs, EC and exchangeable sodium percent-
age (ESP) of the soil saturation extract. It can be
observed an almost exact matching between EC and
ESP and certain coincidence of IKR-and the salin-

ity status. A cross correlogram analysis ($kction
3.9 shows that EC-ESP correlation is high 0.773 (co-
variances = 7.96 x 10~2). According to Emerson
(1977) soil swelling pressure raises with increasing

,ESP and decreasing EC. Therefore a swelling mech-

and not the antecedent water content, what is relatedanism seems unlikely to explain the spatial distri-

to the PDKs (seeEq. (5). Assuming that both PBs
and GPKg are somehow related, the same would be
expected for the Guelph permeameter.

Some low suction values at the wetting front were
coincident with large porosities, but with no clear spa-
tial structure (results not shown). This may be due to
the large uncertainty implicit in the estimation @f
(Mertens et al., 2002

3.6. Banana plants versussK

Several hypotheses may be explored in order to ex-
plain the coincidence of banana plants and K-
First, the banana root system (exploring the top 0.30 m
of the soil) may affect the surrounding soil physical
properties. In fact the annual selection of shoots from
the mother banana plant yields a spatial “rotation” of
plants. This may explain that the matching of plants
and LPKgs is not perfect.

Secondly, localised drip fertigation may modify the
hydraulic conductivity of the soail in the neighbour-
hood of plants. For exampl@orel et al. (2000)found
that surface desiccation of an Andosol planted with
bananas, led to a significant soil shrinkage that af-
fected its hydraulic properties. The accumulation of
salts around the wetting bulb may also exert chemi-
cal effects upon the soil constituents, which result in
alteration of its hydraulic propertieB(esler et al.,
1984 and references therein). However, the magni-
tude of this effect depends not only upon the salt
source but also upon the nature of the soil materials.
Armas-Espinel et al. (2003pund that lowKs in vol-
canic soils was associated with higiia+Mg)/Ca ra-
tios and low electrical conductivity (EC) values, which
they attributed to an increase in swelling pressure. Ad-
ditionally, excess sodium in low salinity conditions

bution of Ks, since high values of ESP would be
counterbalanced by high salinity condition§ggenet
and Bresler, 1983(Fig. 3. Salinisation and sodifi-
cation, induced by irrigation with low quality waters
and intensive fertilisation, is frequent in cultivated
soils from the Canary Islands—mean CE in this soll
is 4.70dSm?. Also, physical properties of clayey
soils can be strongly affected by amorphous materi-
als and oxy-hydroxides of iron and aluminium. Such
andic materials induce strong aggregation and im-
part favourable structural properties such as reduced
swelling El-Swaify, 1975. It is suggested that the
spatial coincidence of soil salinity with the hydraulic
conductivity, is an artefact of the irrigation system dis-
tribution. This is also in agreement wiBresler et al.
(1984)who found that soil salinity only accounted for
10-15% of the spatial variability d€s in two selected
agricultural fields.

Finally field management practices and tillage may
introduce soil disturbances, such as soil compaction,
and this by turn may affedfs. Dorel et al. (2000)
showed that soil hydraulic conductivity was drasti-
cally reduced in the compacted layers of a mechanised
banana plantation, and that soil tillage increased the
meanKs. Also Moustafa (2000jound that the spatial
dependence dfs was correlated with the agricultural
practices of field soils in Egypt.

3.7. Ks versus porosity

From the above discussion it follows that both het-
erogeneous desiccation and compaction may be re-
sponsible for the spatial distribution &f, probably
because these affect soil structubarel et al. (2000)
showed that the hydraulic effects of both mechanisa-
tion and desiccation on an Andosol banana plantation
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were due to changes in soil porosity. The hypothesis further discard a possible bias in tke determination.

of soil compaction would be also consistent with the Far from diluting such anisotropy, this was further
preferential horizontal orientation of clays in this soil strengthened, thus suggesting a plausible origin for the
(see above), since compacted clays will be more ori- spatial distribution of the laboratory conductivity data
ented than non-compacted clayd-Tabaa and Wood,  (Fig. 4).

1987. Basak (1972found that the vertical hydraulic Comparison of measured and predictédfigures
conductivity of kaolinite was more sensitive to the void shows that in general predictd€; differences have
ratio (volume of voids/volume of solid) than the radial been smoothed out. High LRs values on the left edge

hydraulic conductivity. Thus LP-Kwill be more sen- have been almost erased and some of the&kk Phot
sitive to differences in soil compaction than the field spots”inthe plants middle lines have also disappeared.
methods. All this indicates that not only porosity but also some

The Kozeny—Carman relation (1) was first tested as other factors may affect the value K.
a plausible explanatory model for the distribution of In an attempt to look for such factors responsi-
Ks, since alsdrig. 2 already points in this direction.  ble for theKg spatial dependence, we tried a modi-
Porosity values, obtained on the same cores that{ P- fied Kozeny—Carman relation proposedAtyuja et al.
were determined, show a power-law relationship of (1984) where¢ is replaced by the effective porosity,
the form: Ks = 5 x 10733¢1627 (2 = 0.38) as stated ¢, is calculated as the saturated water content minus
in (1). There exists the possibility that such a corre- the water content at 33 kPa matric potential. Addition-
lation between LR<s and ¢ may be biased because ally, the relation
soil cores were placed inside the lab-permeameter in Ks 31 ©6)
groups of 10 consecutive samples. In order to dis- €
card such an artefact, a second 70 grid point mesh where the exponentin (1) has been replaced by the
was intercalated in between the first one, such that A parameter of the Brooks—Corey model (3), was also
the laboratoryKs and porosity were finally determined  investigated. A linear relation in the log—log space was
on a 25m x 2.5m square grid. Additionally, in such  found betweerKs versus¢e (r2 = 0.36), thus con-
a square grid the maximum distance between neigh- firming the model ofAhuja et al. (1984)However for
bour sampling points is maximised. Thus unrepresen- model (6) we did not find a simple law of proportion-
tation and redundancy of some areas is minimised ality Kg versus¢§*”, but an exponential dependence,
(Webster and Oliver, 1990The order of introduction  although with large data dispersiorf (= 0.25). This
of the new soil cores in the LP was randomised to result suggests the possibility of a relation of the form

Ks=5- 1 0-33 ¢16.263
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0.0065

00055
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0.0035

0.0025
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Fig. 4. Contour plots of the spatial distribution of measured vs. estimatelsL&s predicted by relatiok's = 5 x 10733416268 white
crosses correspond to sampling points. The grey scale reprééenssues (cms?). x-y-axes labels denote distance (m).
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(Rawls et al., 1993; Timlin et al., 19%9
Ks= B(A, K[fa)d)n (7)

By plotting B, calculated a¥s/¢" for fix n = 2.5,
againsti or ¥, we identified a possible functional
dependence of this parameter on the air entry po-
tential index. Such dependence is highly non-linear,
Baexp@/a), although very scattered;? = 0.16
(Regalado and Mufioz-Carpena, 2DORurthermore,
considering the coefficier® either a function ofy4
alone or a combination of and 4 in (7), did not
significantly improved the predictions B versuspe.

3.8. A stochastic Kozeny—Carman relation

Fig. 5. Agreement between experimental laboratory constant head

In this and previous studlewl(essmg and Jarvis, Ks data and the proposed stochastic Kozeny—Carman equation (8).

1990; Timlin et al., 1999; Zhuang et al., 20Q8e fit-

ting results obtained with the Kozeny—Carman equa-

tions (1) and (2) are usually poor. In order to improve 0.998), respectively. These were then substituted into
its predictability potential, the modified versions (6) (8) and a least square fitting procedure was used to
and (7) have been proposed, although still the scat- estimate the parameters = 1.065, p = 0.434 and
tering is remarkableAhuja et al., 1984, 1989 The g = 0.552 from the cumulative frequencies of IR~
Kozeny—Carman relation assumes a deterministic (-2 = 0.999) (Fig. 5).

point-to-point relationship betweefs and some soil The same procedure followed above for the lab-
physical property, such as porosity or surface area. oratory Ks data may be pursued with the field
However this hypothesis may not be valid if for ex- determinations. As already discussed, a statistical rep-
ample physical properties are determined on samplesresentation of the Kozeny—Carman equation (1), does
close to, but from a different location wheka has not preclude a point-to-point relationship between the
been measured, or if the volume that such properties fitted variables, and thus the porosity data obtained in
(e.g. surface area) refer to differs significantly from the laboratory cores may be used to predict the fre-
the representativiKs volume, and thus averaging quency of Guelph and Philip-Dunne measurements.
S over the wholeKs volume may not be realistic.  The following statistical form of (1) was investigated
This may also explain the lack of accuracy of the
above expressions. Hence a statistical reformulation P(Ks) = A-R(@, p, 0)” ©)

of the Kozeny—Carman equa_ltion would bg desirable, whereP(Ks) is the cumulative frequency &€ andA
whereby pairs of observation frequencies replace jg g fitting proportionality constant. Good fit was ob-
point-to-point correlations. The following stochastic  4ined with the PD data = 0.662,0 = 0.026,A =
form of (2) is thus proposed 0.994, p = 0.992, r2 (observed versus predicted=
P(Ks) o A - R(, 1, 61)"R(Se, 12, 02)7 (8) 0.987), bpt a poorer regression (¢fig. 6a and b
was achieved with the GP measurements &
whereP(Ks) is the cumulative frequency dfs; R(:) 0.643, o = 0009, A = 0.966, p = 0.956,
the normal cumulative distribution function (CDF) 2 (observed versus predictee: 0.966), thus indicat-
of porosity and surface area, respectively, with shape ing that either the Guelph method is more sensitive to
parametersy;, o;; A, p, q are the fitting parameters.  errors in the porosity estimates or it is more affected
Normal CDFs were first fitted to the cumulative fre- by other soil properties not considered in (B)d. 6).
guencies ofp andS.. Obtained parameteys; ando; The values of the constait and the powep in (9)
are 0.662, 0.026-¢ = 0.996) and 172.50, 15.24% = are very close to unity, thus field frequencies may
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Fig. 6. Agreement between experimental data and the proposed stochastic Kozeny—Carman equation (9) for the field Giglf®), GP-
and Philip-Dunne, PDKs (b) permeameter data sets.

be estimated from porosity values without additional

fitting. Furthermore the shape parameters of the PD
distribution are the same than the ones obtained for
the porosity CDF (see above), indicating that both 0.72
follow a similar trend of occurrence even though a 0.64t

point-to-point relationship may not be established. £ 056

E o048

3.9. Geostatistical analysis £ 04

S 0.2

Geostatistics is the name proposed for a method é 0.24

of spatial analysis that makes predictions from a 0.16

sample data, whose relative spatial locations are 0.08
known. In geostatistics it is required that the expec- 0 e
0 4 8 12 16 20 24 28 32

tation of a random measurement made at location ‘@
X, is constant. This hypothesis is known as the sta-

tionarity assumption, and it is often overlooked by \
researchers who proceed directly to applying geosta- 087
tistical tools. By comparing the median versus the 0.72r

Distance (m)

=
squared inter-quartile range (a measure of the data-% g'gg:
spreading independent of symmetry) for different data g 0485
transformations, one may find a suitable symmetris- 8 g4+t
ing and variance stabilising transformatioGréssie % 0.321
and Horton, 198) The log-transformation was found © 0.24

to satisfy both criteria, i.e. (1) it made the data sym- ~ 0-16f
metric, and (2) it straightened out the data such that 0'008 L

variation is no longer a function of locatioRégalado () 0 2 4 6 8 10 12 14 16 18 20
and Mufioz-Carpena, 20p1 Distance (m)

In order to quantify spatial correlations between o ) _
Fig. 7. Directional experimental cross correlograms of log-porosity

variables, we assessed the correlation between ad'vs. log-LPKs. (a) Horizontal (west-east) direction; (b) vertical

jacent log-transformed PorOSity and ug'ObserV_a_' (south-north) direction. Numbers on empty circles indicate number
tions. The plot of the estimated correlation coefficient of pair comparisons used to compute the correlation coefficient.
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of log-porosity versus log-LKs as a function of the  natural conditions. A modified Kozeny—Carman equa-
separation distance, the so called experimental crosstion defined in statistical terms may overcome these
correlogram, is shown ifrig. 7. Directional correl- limitations, allowing comparisons between different
ograms in both the horizontal (west-east) direction representative volumes &t data sets with different
(Fig. 79 and vertical (south-north) directiof¥ig. 7b origin. This is also a rather convenient reformulation,
are plotted. It may be observed that although hori- amenable for stochastic modelling or Monte-Carlo
zontal correlation decreases up to 22.5m, beyond this simulations of the spatial variability of hydraulic
an increasing correlation tendency may be observed properties, whereby locally defined parameter values
with the separation distance (an effect previously re- are replaced by probability distribution functions of

ferred to as the lag effect). The same occurs in the parametersBraud et al., 1995; Vachaud et al., 1988
vertical direction for separation distances greater than and thus this deserves further investigation.

15m. However in general correlation is greater at

Processes promoting soil degradation as surface

shorter distances, while large-range correlations are desiccation and soil compaction, induced by tillage
supported by a smaller number of pair comparisons and localised irrigation, may be responsible for the

(cf. numbers shown in graph).

4. Summary and conclusions

The saturated hydraulic conductivity is often re-
quired for hydrological studies and it is either labora-
tory or field measured, oritis deduced from other more
easily measurable physical soil properties. However,
not very often its spatial structure is investigated by
comparing different estimation methods. Significant

anisotropy ofKs. Soil salinity showed some coinci-
dence in space with the hydraulic conductivity, be-
cause of the irrigation system distribution, but a causal
relationship between the two is discarded, since high
values of exchangeable sodium are counterbalanced
by high salinity conditions and andic materials that
impart favourable structural properties, such as re-
duced swelling. This had not been detected if detailed
information about soil mineralogy and chemical prop-
erties had not been available, and we had thus arrived
to erroneous conclusions about the origin of the spa-

differences observed betwe&R measurements may tial distribution of Ks. Such considerations of both
be partly explained in terms of flow dimensionality spatial dependence and measuring technique should
and representative elementary volumes, and may bevery much be taken into account in future studies
worsened because preferential flow in the horizontal intending to make use of a single (mean) effective
component, originated by orientation of clay particles value of the saturated hydraulic conductivity.

in this soil. The results shown in this paper indicate that
although soil (effective) porosity may be an underlying
process determinings distribution, field effects may
smooth out this dependence such that this is no longer i )
detectable. We may thus conclude that the spatial vari- 1S work has been supported by the Florida
ability of K is not an easily distinguishable result of Adricultural Experiment Station Journal Series No.
soil porosity or water retention characteristics. This is R-09021, a Project Grant and Postdoctoral Fellow-
also affected by other components of the soil (e.g. clay ShiP from the Spanish INIA-National R & D Program
content, degree of aggregation), especially under field (Project SC99-024-C2-1) and the European Union
conditions, or by the experimental design (e.g. mea- COST Actl_on 622. The au_thors would like to thank
surement technique). All these factors are difficult to PF- J- Jawitz from the Soil and Water Department,
detect if comparisons between different permeameters University of Florida, for his careful reading and
are not performed oKs measurements are restricted 'e€vision of the manuscript.

to laboratory determinations. This may also limit the
field applicability of indirectKs estimation methods
of the kind of the Kozeny—Carman model, which usu-
ally makes use of laboratory determinations, thus ne- anuja, L.R., Naney, J.W. Green, RE., Nielsen, D.R., 1984.
glecting other field factors more relevant to the soil in Macroporosity to characterize spatial variability of hydraulic
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