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Abstract. For effective irrigation and fertilization management, the knowledge of sub-
strate hydraulic properties is essential. In this study, a steady-state laboratory method
was used to determine simultaneously the water retention curve, u(h), and unsaturated
hydraulic conductivity as a function of volumetric water content, K(u), and water pre-
ssure head, K(h), of five substrates used widely in horticulture. The substrates examined
were pure peat, 75/25 peat/perlite, 50/50 peat/perlite, 50/50 coir/perlite, and pure perlite.
The experimental retention curve results showed that in the case of peat and its mixtures
with perlite, there is a hysteresis between drying and wetting branches of the retention
curve. Whereas in the case of coir/perlite and perlite, the phenomenon of hysteresis was
less pronounced. The increase of perlite proportion in the peat/perlite mixtures led to
a decrease of total porosity and water-holding capacity and an increase of air space.
Study of the K(u) and K(h) experimental data showed that the hysteresis phenomenon of
K(u) was negligible compared with the K(h) data for all substrates examined. Within
a narrow range of water pressure head (0 to –70 cm H2O) that occurs between two
successive irrigations, a sharp decrease of the unsaturated hydraulic conductivity was
observed. The comparison of the K(u) experimental data between the peat-based
substrate mixtures and the coir-based substrate mixture showed that for water contents
lower than 0.40 m3�m–3, the hydraulic conductivity of the 50/50 coir/perlite mixture was
greater. The comparison between experimental water retention curves and predictions
using Brooks-Corey and van Genuchten models showed a high correlation (0.992 # R2 #
1) for both models for all substrates examined. On the other hand, in the case of
unsaturated hydraulic conductivity, the comparison showed a relatively good correlation
(0.951 # R2 # 0.981) for the van Genuchten-Mualem model for all substrates used except
perlite and a significant deviation (0.436 # R2 # 0.872) for the Brooks-Corey model for all
substrates used.

Crop transpiration needs depend not only
on the existing environmental conditions, but
also on the rate of water supply to the roots.
Both water supply to plants and substrate aer-
ation are estimated from the substrate hydrau-
lic properties (Da Silva et al., 1993; De Boodt
and Verdonck, 1972; Heiskanen, 1993a, 1993b,
1993c; Puustjäarvi, 1977). Therefore, the
knowledge of both hydraulic properties, wa-
ter retention function q(h) and unsaturated
hydraulic conductivity as a function of volu-
metric water content, K(q), or water pressure
head, K(h), is of vital importance for effective
irrigation and fertilization management. The
knowledge of the unsaturated hydraulic con-
ductivity is especially essential in substrates
where significant changes in q and K occur in
a narrow range in pressure head, which prac-
tically happen between irrigations (Da Silva,

1991; Londra, 2001; Wallach et al., 1992a,
1992b). Consequently, it is very important to
determine the magnitude and the range of such
changes.

In contrast to mineral soils, much less is
known about the hydraulic properties of sub-
strates. Efforts have been made from many
researchers to study the hydraulic properties
of substrates and to apply mathematical func-
tions to estimate their hydraulic properties
(Bilderback et al., 1982; Da Silva, 1991;
Fonteno et al., 1981; Londra, 2001; Milks
et al., 1989; Otten et al., 1999; Valiantzas et al.,
2007; Wallach et al., 1992b). Bilderback
et al. (1982), Fonteno et al. (1981), and Milks
et al. (1989) measured only the water re-
tention function q(h), whereas Da Silva
(1991) and Wallach et al. (1992b) measured
in addition the unsaturated hydraulic conduc-
tivity as a function of water pressure head K(h)
for a narrow range of pressure head (0 to –25
cm) applying different methods to different
samples. Furthermore, the large variation of

the unsaturated hydraulic conductivity in
different substrates does not facilitate the
creation of a standard mathematical form for
its determination.

Although the soil water retention function
can easily be determined by measuring water
contents at different pressure heads, the un-
saturated hydraulic conductivity measurement
is often laborious, time–consuming, and may
require expensive equipment. To overcome
these difficulties, statistical pore-size distribu-
tion models have been proposed to predict
hydraulic conductivity from the more easily
measured water retention data and the mea-
sured value of saturated hydraulic conductivity
Ks (Burdine, 1953; Childs and Collis George,
1950; Mualem, 1976). Furthermore, the in-
troduction of continuous analytical functions
to the retention curve combined with capillary
theories leads to different closed-form analyt-
ical models describing soil hydraulic proper-
ties (Brooks and Corey, 1964; van Genuchten,
1980). Unfortunately, in some cases, the cal-
culated K(q) values using the retention curve
data and the saturated hydraulic conductivity
may deviate significantly from the actual K(q)
values (Poulovassilis et al., 1988; Talsma,
1985; Valiantzas and Sassalou, 1991).

The principal objective of this study was
to determine simultaneously both hydraulic
properties, q(h) and K(q), K(h), of five sub-
strates used widely in horticulture using a
steady-state laboratory method. Contrary to
current research (Bilderback et al., 1982; Da
Silva, 1991; Fonteno et al., 1981; Milks et al.,
1989; Wallach et al., 1992b), the method
studied in this article enables to measure
directly and simultaneously both basic hy-
draulic properties, in the same substrate sam-
ple, in a range of water pressure head that
occurs between irrigations (0 to –70 cm).
Therefore, the use of an individual sample in
this method not only simplifies the standard
procedure used to date to define the hydraulic
properties of the substrates and for a greater
range of water pressure head between irriga-
tions, but in addition has the advantage of
defining these properties under the same con-
ditions. The second main objective of this
work was to compare the values of the hydrau-
lic properties measured with the equivalent
values predicted by the most popular closed-
form analytical hydraulic models of Brooks
and Corey (1964) and van Genuchten (1980)
and assess the validity of these models.

Materials and Methods

Theory. A sufficiently long column of a
porous material, drying to a stationary water
table, attains in its upper part a state of uniform
water content q and pressure head h when
subjected to infiltration at its upper end at a
constant flow rate q (Youngs, 1957). The flow
rate q can be calculated using Darcy’s law as:

q =� K
dH

dz

� �
=� K

dh

dz
+1

� �
[1]

where K is the unsaturated hydraulic conduc-
tivity, H is the hydraulic head (H = h + z), and
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z is the elevation head relative to an arbitrary
datum.

The flow rate q of the upper uniform part
of the porous material column equals the
hydraulic conductivity K because the gradi-
ent of the pressure head is zero. Below this
uniform part of the column, the water content
increases gradually and reaches the satura-
tion value at the base of the column, whereas
the pressure head decreases and becomes
zero at the base of the column. By imposing
the pressure head h of the upper part of the
column, at the base of the column, the uni-
form part can be extended to the whole length
of the porous material column. Thus, a uni-
form steady-state water profile can be built up
with water content q at a pressure head h
sustained by the flow rate q =K (Poulovassilis,
1970).

In this article, the simultaneous determina-
tion of q(h) and K(q), K(h) is based on a similar
method referred by Poulovassilis (1970).

Calculation of hydraulic properties by
closed-form hydraulic models. Brooks and
Corey (1964) suggested the following ana-
lytical expression to describe the water re-
tention curve q(h):

q hð Þ = qs � qrð Þ hv

h

� �l

+qr [2]

where qs and qr are the saturated and residual
values of the volumetric water content q,
respectively, hv is the air-entry value of h, and
l is the pore size distribution index.

The unsaturated hydraulic conductivity K
is related to the volumetric water content q
according to the following relationship:

K qð Þ = Ks
q� qr

qs � qr

� �p+2+2=l

[3]

where Ks is the saturated hydraulic conduc-
tivity and p is a soil-specific parameter that
accounts for the tortuosity of the flow. The p
value used in the present study is the con-
ventional value of 0.5 (Mualem, 1976).

van Genuchten (1980) described the water
retention curve with the following expression:

q hð Þ = qs � qrð Þ 1

1+ajhjn
� �m

+ qr [4]

where a, m, and n are retention curve fitting
parameters, m = 1–1/n and 0 < m < 1.

Combining Eq. [4] with the model de-
veloped by Mualem (1976), the unsaturated
hydraulic conductivity K(q) can be calculated
by the following expression:

K qð Þ = Ks
q� qr

qs � qr

� �0:5

3 1� 1� q� qr

qs � qr

� �1=m
" #m( )2

[5]

Substrates. Substrates are commonly used
in the greenhouse industry because of their
beneficial properties, e.g., they are lightweight,
easily available, and consistent. Compared
with soils, substrates have often better physical
properties (e.g., higher air-filled porosity or

water-holding capacity) depending on their
substance, are well drained, and free from
microorganisms and seeds. Substrates usually
provide relatively low nutrient-holding capac-
ity and for this reason, greenhouse crops
require more frequent fertilization and nutri-
tional management.

There are a number of substrates that can
be used either separately or in various combi-
nations to make substrate mixes. The choice
of a particular material is determined by its
availability, cost, and physical properties.

In this study, the five substrates used were
selected to cover the range of porous materials
used in container plant production. All sub-
strates were based on peat, coir, and floricul-
ture perlite (Londra, 2001). The peat was
Lithuanian sphagnum peatmoss. The coir
was in compressed form with dimensions
20 · 10 · 5 cm and was a byproduct of
coconut husk fiber treatment. The peat-based
substrate mixtures were created with (on
a volume basis): 1) 100% Lithuanian sphag-
num peat; 2) 75% Lithuanian sphagnum peat
and 25% perlite; and 3) 50% Lithuanian
sphagnum peat and 50% perlite. The coir-
based substrate mixture was created with (on
a volume basis) 50% coir and 50% perlite.
Furthermore, 100% perlite was used.

Experimental procedure. To determine
simultaneously the water retention curve
q(h) and unsaturated hydraulic conductivity
as a function of water content K(q) and water
pressure head K(h) of the five substrates, a
steady-state infiltration experiment was con-
ducted in the laboratory. Five substrate col-
umns of peat, 75/25 peat/perlite, 50/50 peat/
perlite, 50/50 coir/perlite, and perlite were
used in an experimental arrangement that is
described in Figure 1.

The experimental apparatus consisted of
a transparent acrylic tube 60 cm high with an
internal diameter of 7 cm. Each tube was
constructed from 24 individual rings 2.5 cm
high, which were fixed together with special
adhesive transparent tape. Holes were inserted

in the middle height of 14 of the individual
rings to position the porous capsules of mer-
cury tensiometers as shown in Figure 1. For
the experimental needs, five tubes were used,
one for each substrate column. The substrate
column rested on a tension porous plate (with
air pressure entry value 180 cm of water) in
contact with a reservoir of water 4 cm high
with an internal diameter of 7 cm from the
same matter of the tube attached to the lower

Fig. 1. Schematic presentation of the experimental
apparatus.

Table 2. Bulk density and saturated hydraulic conductivity of various substrates.

Substrate
Bulk density

(g�cm–3)
Saturated hydraulic

conductivity (cm�min–1)

Peat 0.0815 1.32
75/25 peat/perlite 0.1003 3.54
50/50 peat/perlite 0.1159 7.13
50/50 coir/perlite 0.0939 11.07
Perlite 0.1039 8.76

Table 1. Particle size distribution of various substrates.

Particle size (mm)

Particle size distribution (% by wt)

Peat
75/25

peat/perlite
50/50

peat/perlite
50/50

coir/perlite Perlite

Greater than 8.000 7.65 5.97 4.51 0.00 0.00
8.00–4.00 17.44 17.77 13.75 4.87 5.83
4.00–2.00 16.56 34.40 31.93 27.50 42.69
2.00–1.00 17.64 15.07 21.85 25.89 30.45
1.00–0.50 19.08 12.57 11.22 19.29 8.67
0.50–0.25 11.49 6.51 7.18 12.79 2.22
0.25–0.125 5.74 3.43 3.94 5.26 1.41
0.125–0.068 2.86 2.23 2.72 2.20 3.37
Less than 0.068 1.54 2.06 2.90 2.20 5.37
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end of the tube. The water reservoir had two
outlets, one for the water outflow and the other
for the outlet of possible entrapped air (Fig. 1).
The substrate samples were uniformly wet
before using. To achieve satisfactory packing
of the substrate column, small amounts of sub-
strate were gradually put in the tube with
simultaneous vibration of the tube. Before
placement of the substrate samples into the
columns, filter paper was placed above the
porous plate to contain and therefore prevent

the fine organic material of the substrate from
clogging the pores of the plate. Therefore, note
that an air tube was centrally put in along each
substrate column to remove the entrapped air
from the substrate (Fig. 1). This tube was a
stainless sieve with a 1-mm screen. The satu-
ration of the substrate columns was achieved
by wetting them gradually from the lower end
through the porous plate adding water under
pressure by means of the water reservoir. At
this stage, a 1& phenol solution was used

during saturation to prevent the development
of fungal infections throughout the duration of
the experiment. The substrate columns were
saturated for�3 d and then they were allowed
to dry by opening the outflow tube at a distance
of 150 cm from the substrate column surface.
After that, the substrate columns were sub-
jected to a wetting procedure (in the same
manner as described previously) and then
were allowed to dry by applying various
constant flow rates qi at their surface. The

Fig. 2. Experimental and fitted by Brooks-Corey (B-C) and van Genuchten (vG) models of water retention curves during drying and wetting for various substrates.
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applied flow rates were lower than the satu-
rated hydraulic conductivity Ks of the sub-
strates (Ks>q1>q2>.qn).

In the drying procedure, under constant
flow rate qi, the pressure head hi of the upper
uniform part of the substrate column was

being imposed by means of the tension plate
of the column base (by lowering gradually
the level of the water outflow tube); there-
fore, the uniform part was being extended to
the whole length of the substrate column. So,
a uniform steady-state water profile can be

built up with a water content qi at a pressure
head hi sustained by the flow rate qi = Ki. In the
wetting procedure, similar treatments were
followed raising gradually the level of the
water outflow tube until a uniform steady-state
water profile was achieved. The time needed
to reach stable flow ranged from 1 to 5 d for
big to low capillary pressures, respectively.

During the experimental procedure, the
apparatus was mounted on an electronic
balance connected to a PC so that the water
content could be deduced at all times from
the indicated total mass. Consequently, the
water retention curve was directly measured
by means of the values of tensiometers sen-
sors and substrate column weights.

The constant flow rates were achieved by
using a peristaltic pump. During the experi-
mental procedure, the applied constant flow
rates at the substrate column surfaces ranged
from 3.85 to 0.0007 cm3�min–1. The flow rate
was uniformly distributed through the two

Table 3. Fitted Brooks-Corey (B-C) and van Genuchten (vG) retention curve parameters.

Peat
75/25

peat/perlite
50/50

peat/perlite
50/50

coir/perlite Perlite

B-C drying hv 4.967 2.580 1.726 1.616 0.608
l 0.453 0.257 0.205 0.616 1.226
qr 0.191 0.070 0.000 0.277 0.267
R2 0.998 0.997 0.998 0.992 0.995

vG drying a 0.120 0.234 0.387 0.487 1.444
n 1.813 1.438 1.253 1.724 2.320
qr 0.289 0.207 0.041 0.288 0.267
R2 0.999 0.999 0.999 0.998 0.999

vG wetting a 0.326 0.255 0.489 0.566 1.504
n 1.340 1.931 1.483 1.744 2.399
qr 0.147 0.347 0.265 0.293 0.265
R2 0.999 1.000 0.999 0.999 1.000

Fig. 3. Experimental hydraulic conductivity as a function of water content during drying and wetting for various substrates.
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tubes of the peristaltic pump from the substrate
column surface.

The pressure head values at different heights
(14 points) of the substrate column were mea-
sured by mercury tensiometers.

The saturated hydraulic conductivity, Ks,
was determined in the same arrangement of the
column by the constant head method releasing
water through the water outlet located above
the porous plate (Fig. 1) before the start of the
experimental procedure. Each sample was sub-
jected to a wetting–drying cycle before the
measurement.

So, the method described gave us the
opportunity to directly and simultaneously
measure both hydraulic properties q(h) and
K(q), K(h) under the same conditions using
only one substrate sample.

Also, the particle size distribution of the
substrates used was determined using sieves
with 0.068-, 0.125-, 0.25-, 0.50-, 1.00-, 2.00-,

4.00-, and 8.00-mm screen sizes on a mechan-
ical shaker for 3 min at 30 shakes per minute.

Results and Discussion

The substrate particle size distribution has
an important role in the formation of the sub-
strate porosity and consequently in the shaping
of both hydraulic properties, water retention

curve and hydraulic conductivity. The particle
size distribution of the substrates studied is
given in Table 1.

In Table 2, the values of bulk density and
saturated hydraulic conductivity of the sub-
strates used are presented. As shown, all the
substrates examined have low values of bulk
density and high values of saturated hydrau-
lic conductivity.

Fig. 4. Experimental hydraulic conductivity as a function of pressure head during drying and wetting for various substrates.

Table 4. Coefficient of determination R2 and root mean squared errors (RMSE) of the Brooks-Corey (B-C)
and van Genuchten-Mualem (vG-M) K(q) fitted curves.

Substrate

B-C vG-M

R2 RMSE R2 RMSE

Peat 0.872 0.574 0.981 0.221
75/25 peat/perlite 0.612 1.146 0.954 0.396
50/50 peat/perlite 0.436 1.360 0.951 0.400
50/50 coir/perlite 0.871 0.663 0.981 0.252
Perlite 0.760 0.917 0.57 1.227
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Figure 2 depicts the experimental drying
and wetting data of the retention curve of the
substrates used. As shown, in the case of peat
and its mixtures with perlite, there is a hyster-
esis between the drying and wetting branches
of the retention curve. The hysteresis phenom-
enon may be influenced by peat hydrophobic-
ity (Beardsell and Nichols, 1982; Naasz et al.,
2008). Whereas in the case of coir/perlite and
perlite, the phenomenon of hysteresis was less
pronounced.

Also, it is obvious that the increase in
perlite proportion in the peat/perlite mixtures
led to the decrease of total porosity and water-
holding capacity and to the increase of air
space. Specifically, during drying, peat ex-
hibited the higher total porosity of 82% (water
content in the 0-cm pressure head) among its
mixtures with perlite, an air space of 17% (air
content in a –10-cm pressure head), and easily

available water 24% (water content in a region
of –10- to –50-cm pressure head), concepts
introduced by De Boodt and Verdonck
(1972).The substrates 75/25 peat/perlite and
50/50 peat/perlite exhibited total porosity of
78% and 75%, air space of 21% and 22.5%,
and easily available water of 17% and 15%,
respectively. The perlite behavior is explained
by its particle size distribution (Table 1). This
substrate has the highest percentage of coarse
particles (42.69% and 30.45% between 2 and
4 mm and 1 and 2 mm, respectively) than
the other substrates used. So, the addition of
perlite in the mixtures contributes to the in-
creased amount of large pores. Note that the
knowledge of the effect of perlite in various
substrate mixtures is very important mainly
when we have to choose correct components of
substrate mixes according to crop needs in
water content and air porosity. On the other

hand, the substrates 50/50 coir/perlite and the
pure perlite exhibited total porosity at 72% and
55%, air space at 30% and 27.5%, and easily
available water at 9% and 1%, respectively. In
the case of wetting, the percentages of air space
and easily available water are higher and lower,
respectively, than those in drying (Fig. 2).

The information that these substrate water
retention curves provide for the range of
pressure heads from 0 to –70 cm H2O is of
vital importance to plant growth. As men-
tioned by De Boodt and Verdonck (1972), the
water content between a –10- and –100-cm
pressure head is important to ornamental
plant growth in substrates. Water retention
in pressure head larger than –100 cm de-
creases plant growth and less than –10 cm
produces inadequate substrate aeration.

In the same figure (Fig. 2), a comparison
between the experimental water retention

Fig. 5. Experimental and predicted by Brooks-Corey (B-C) and van Genuchten-Mualem (vG-M) models of hydraulic conductivity as a function of water content
during drying for various substrates.
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data and the retention curves predicted using
Brooks-Corey (B-C) and van Genuchten
(vG) models is presented. A detailed descrip-
tion of the curve fitting parameters hv, l and
qr, a, n of the B-C and vG water retention
models, respectively, and the coefficient of
determination R2 of the fitted curves is pre-
sented in Table 3. For all substrates exam-
ined, the results indicated a high correlation
between experimental and fitted data (R2

varying between 0.992 and 1). It is notable
that contrary to the vG model, the B-C water
retention model is characterized by the pres-
ence of the concept of the air-entry value.
Comparison of the fitted curves with the
experimental data showed the flexibility of
the vG model describing the substrate water
retention curve, as previously shown by
Milks et al. (1989), Naasz et al. (2005), and
Weiss et al. (1998).

Study of the K(q) and K(h) experimental
data that are presented in Figures 3 and 4,
respectively, showed that in the case of K(q),
the hysteresis phenomenon is negligible be-
tween the drying and wetting curves. For this
reason, the hysteresis of K(q) is not taken into
account at different predictive hydraulic models
(Mualem, 1986). On the other hand, there is
hysteresis between the drying and wetting
curves of K(h). In the case of 50/50 coir/perlite,
there is poor hysteresis as compared with the
peat-based substrate mixtures, which is in line
with the retention curve observations.

The comparison of the K(q) experimental
data between the peat-based substrate mix-
tures and the coir-based substrate mixture
showed that for water contents lower than
0.40 m3�m–3, the hydraulic conductivity of the
50/50 coir/perlite mixture was greater. These
results are of fundamental importance as ac-
cording to Darcy’s law, the water flow rate of
the 50/50 coir/perlite mixture has a greater
capacity (�10-fold) of replacing water losses
caused by evapotranspiration in comparison
with the peat-based substrate mixtures
(Fig. 3). Therefore, the 50/50 coir/perlite
mixture is the most suitable substrate to meet
plant water demand during periods of high
evapotranspiration.

Also, a sharp decrease of the unsaturated
hydraulic conductivity is observed after the
water content decrease and water pressure
head increase (Figs. 3 and 4). Especially, the
hydraulic conductivity of peat is decreased
by approximately five orders of magnitude,
whereas in the rest of the substrates, it is
decreased by approximately six orders of
magnitude for pressure heads varying from
0 to –70 cm H2O. This decrease is higher
during wetting. Note that this range of pres-
sure heads in the substrates is usual among
two successive irrigations. The comparison
among all substrates showed that K decreases
at higher rates as the percentage of large
pores of the substrates increases. Specifically,
the rate of decrease of K (Krate) formed in
ascending order as follows Krate,peat < Krate,75/

25peat/perlite < Krate,50/50peat/perlite < Krate,50/50coir/

perlite < Krate,perlite.
The predicted B-C and vG-M K(q) curves,

along with the experimental data, of all the

substrates examined are shown in Figure 5.
Table 4 provides the coefficient of determi-
nation R2 and root mean squared errors
(RMSE) between the experimental data and
the B-C and vG-M models:

R2=1�
P

log KE
� �

� log KP
� �� �2

P
log KE
� �

�
P

log KEð Þ
N

� �2

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
log KP
� �

� log KE
� �� �

N

s
[6]

where KP and KE are the predicted and ex-
perimental hydraulic conductivity, respec-
tively, and N is the number of values.

The results indicated that there is rela-
tively good agreement between the experi-
mental K(q) values and the predictions
obtained using the vG-M model for all the
substrates used except perlite (R2 varying
between 0.951 and 0.981). On the other hand,
there is a significant deviation between the
B-C K(q) prediction and the experimental
data for all the substrates examined (R2 vary-
ing between 0.436 and 0.872).

Provided that the rate of evapotranspira-
tion is directly correlated to the hydraulic
conductivity, the knowledge of K(q) and
K(h), in addition to the water retention curve
q(h), is of vital importance mainly in green-
house cultures and would contribute to alle-
viating water stress conditions and improving
the quality of substrates.
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Puustjäarvi, V. 1977. Peat and its use in horticul-
ture, Turveteollisuuslitto r.y. Publication 3.
Liikekirjapaino, Helsinki, Finland, pp. 160.

Talsma, T. 1985. Prediction of hydraulic conduc-
tivity from soil water retention data. Soil Sci.
140:184–188.

Valiantzas, J.D., P. Londra, and A. Sassalou. 2007.
Explicit formulae for the soil water diffusivity
using the one-step outflow technique. Soil Sci.
Soc. Amer. J. 71:1685–1693.

Valiantzas, J.D. and A. Sassalou. 1991. Laboratory
determination of unsaturated hydraulic con-
ductivity using a generalized-form hydraulic
model. J. Hydrol. (Amst.) 128:293–304.

van Genuchten, M.Th. 1980. A closed-form equa-
tion for predicting the hydraulic conductivity
of unsaturated soils. Soil Sci. Soc. Amer. J. 44:
892–898.

Wallach, R., F.F. da Silva, and Y. Chen. 1992a.
Hydraulic characteristics of Tuff (Scoria) used as
a container medium. J. Amer. Hort. Sci. 117:
415–421.

Wallach, R., F.F. da Silva, and Y. Chen. 1992b.
Unsaturated hydraulic characteristics of com-
posted agricultural wastes, tuff and their mix-
tures. Soil Sci. 153:434–441.

Weiss, R., J. Alm, R. Laiho, and J. Laine. 1998.
Modelling moisture retention in peat soils. Soil
Sci. Soc. Amer. J. 62:305–313.

Youngs, E.G. 1957. Moisture profiles during ver-
tical infiltration. Soil Sci. 84:283–290.

1112 HORTSCIENCE VOL. 45(7) JULY 2010


