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Sphagnum mosses (Sphagnum 1.) are the primary peat-forming plant in
northern peatlands and rely on capillary transport of water to facilitate
physiological processes. The unsaturated hydraulic conductivity of the living,
undecomposed, and poorly decomposed mosses is needed to estimate and
model water flux to their growing upper layer. This study describes a new
apparatus to measure this in the highly porous (~90%) hummock profile
where the pore sizes are large and the mosses delicate, in which established
methods do not work. Independent tension disks controlled the pressure head
(, between 0 and —35 cm of water) and the pressure gradient and thus flow.
The uppermost 5-cm layer of moss had a saturated hydraulic conductivity
of 1800 pm s7!, and decreased when unsaturated (y = —25 cm of water) to
0.03 pm s~1. Moss 25 cm below the surface had equivalent values of 230 and
11.0 pm s~! at moisture contents of 0.18 to 0.22 m3 m™2. The The soil water
retention model RETC provided a good fit for both hydraulic conductivity
and water retention when fitted simultaneously, but did not perform well to
predict hydraulic conductivity from water retention data alone.
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SPHAGNUM MOSSES ARE THE PRIMARY peat-forming plant in northern
peatlands (Kuhry et al., 1993), relying on capillary transport of water
between closely spaced individual plants within a moss community to
facilitate physiological processes (Clymo and Hayward, 1982). There
is a poor understanding of the moisture dynamics of in situ sphag-
num mosses. It has long been assumed that upward capillary water
flow from the water table provides the water required at the grow-
ing surfaces (capitula) for plant metabolic processes (Schipperges and
Rydin, 1998), and in particular photosynthesis, which takes place in
the top several centimeters of the upper moss surface. The moisture
content within sphagnum hummocks also controls the rate of soil res-
piration (plant matter decomposition), which takes place throughout
the moss (McNeil and Waddington, 2003). However, while consider-
able research has been done to characterize the hydraulic properties of
undisturbed peat (Silins and Rothwell, 1998; Schwiirzel et al., 2006)
and peat—soil mixes used in horticultural science (da Silva et al., 1993;
Heiskanen, 1995; Caron et al., 2005; Caron and Elrick, 2005), little
is known of the hydraulic properties of the mosses themselves. That
is, in the uppermost part of the profile, comprising living, dead, and
undecomposed mosses, the capillary relations, notably unsaturated
hydraulic conductivity (K), are essentially unknown. While water
retention characteristics (volumetric soil moisture, 0, vs. pressure
head, ) of sphagnum mosses have been reported (e.g., Boelter, 1969;
Hayward and Clymo, 1982), direct measurement of the unsaturated
hydraulic conductivity function, K(y) has not been described because
of the difficulty in measuring the water pressure and the delicacy of
the moss structure. Tensiometers do not work well in this medium,
whose porosity can exceed 90% (Boelter, 1969; Cornejo et al., 2005),
because of poor contact with the ceramic cup (Kennedy and van Geel,
2000). Lauren and Mannerkoski (2001) reported on hydraulic prop-
erties of forest mosses, but these have a different structure than the
upper layer of living and undecomposed sphagnum mosses (Proctor,
2000). Sphagnum mosses have a large proportion of easily drainable
pores. The theoretical pore-size distribution 5 cm below the surface
suggests that 40 to 50% of the pores are >300 wm and 20 to 30% are
>1000 pm (Hayward and Clymo 1982), resulting in air-entry pres-
sures probably in the range of 0 to —1 cm of water.

Numerous methods are available for determining the unsaturated
hydraulic conductivity function (Klute and Dirksen, 1986), which
defines K for a range of . For example, direct methods include the
instantaneous profile technique (Dirksen, 1991), which evaluates the
pressure gradient using tensiometers in a drying soil column with a
measured water loss caused by evaporation (Schlotzhauer and Price,
1999; Lauren and Mannerkoski, 2001). The value of K(y) can also be
estimated directly from steady-state flow methods in which a pressure
gradient is established in a soil (substrate) core. Porous membranes fixed
at each end of the core permit a negative head to be established by hang-
ing water columns on each end and a hydraulic gradient is established
by setting the two hanging water columns at different levels (Richards,
1931; Elrick and Bowman, 1964). Recently, Caron and Elrick (2005)
reported on a device (Laval tension disk) to measure the hydraulic con-
ductivity of potting substrates packed into plant pots (approximates
field conditions). To determine hydraulic conductivity, the analysis re-
quires homogeneity of the soil above the water table. Thus, this method
is inapplicable to living and undecomposed mosses because they are
highly anisotropic and vertically heterogeneous (Ingram, 1983).
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The value of K(y) can also be estimated indirectly using (i) the
inverse method by applying Richard’s equation to a laboratory col-
umn with imposed boundary conditions and transient outflow from
which the hydraulic conductivity function is fitted (Eching et al.,
1994), or (ii) from the water retention curve based on the model of
van Genuchten (1980), with K(y) being predicted on the basis of
pore size distribution derived from water retention experiments (after
Mualem, 1976). The latter method, however, can result in consider-
able error (Khaleel et al., 1995). Since large, vertically oriented pores
and water storage cells (hyaline cells) make sphagnum mosses differ-
ent from mineral soils (Hayward and Clymo, 1982), a priori knowl-
edge of the K(y) function is needed for verification.

The purpose of this study, therefore, was to determine the water
retention and unsaturated hydraulic conductivity functions of living
and undecomposed sphagnum moss using a new method that is suit-
able for use in porous materials with large pores and low bulk density.
The specific objectives were to (i) develop and test a method for deter-
mining unsaturated hydraulic conductivity; (ii) characterize the 0(y)
and K(y) functions for a profile of sphagnum moss; and (iii) test the
RETC code (van Genuchten et al., 1991) for matching K(y) on the
basis of measured 0(y) and K(), and by 0(y) alone.

MATERIALS AND METHODS

Samples were collected from a raised bog situated in the south-
ern portion of the Luther Marsh Wildlife Management Area, located
~85 km northwest of Toronto near Arthur, Ontario. The bog is char-
acterized by hummock-hollow microtopography comprising primar-
ily Sphagnum rubellum Wilson, with a covering of Ericacea including
Chamaedaphne calyculata (L.) Moench, Ledum groenlandicum Oeder,
and Vaccinium spp. Sphagnum rubellum samples were obtained while
frozen to avoid compression and sliced into 5-cm-thick sections, then
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Fig. 1. Apparatus for measuring the unsaturated hydraulic conductivity function, K(v).
Upper and lower disks have vertical perforations and are covered by nylon fabric with
air-entry pressures of -40 and -35 cm for the lower and upper plates, respectively.

\VY4 -12 cm

\V4 -24 cm

trimmed to snugly fit into 12.7-cm-diameter Plexiglas cylinders, ori-
ented to test the vertical hydraulic conductivity.

The apparatus developed to determine hydraulic conductivity
was based on using twin pressure plates (see Fig. 1) modeled after
the system described by Elrick and Bowman (1964). The plates were
constructed from an 11.4-cm (i.d.) clear Plexiglas cylinder cut into
2.5-cm-high rings. Perforated 0.318-cm-thick disks (~12.4-cm di-
ameter) were affixed (sealed) to both ends of the ring using an acrylic
solvent. The disks in contact with the soil were perforated with 115
holes 0.635 cm in diameter, having a total cross-sectional porosity
of ~36%. A 25- or 35-pm Nitex fabric (21 and 27% total open area,
respectively) was glued onto the perforated disks (providing an air-
entry pressure of about —40 and —35 cm, respectively) for the upper
and lower plate, respectively. A brass spigot was inserted into the non-
petforated disks and connected to Tygon inflow—outflow tubes. The
impedance to flow of the membranes was negligible.

The samples were submerged in deionized water for 5 min before
mounting. The two tension disks were filled with water to remove air
bubbles. The tube from the lower tension disk (35-pm screen) (see Fig.
1) was connected to the lower outflow spout of a 500-mL plastic beaker
and a constant head in the beaker was achieved by adding sufficient
water to the beaker to maintain a constant overflow (e.g., Mariotte
bottle, not shown in Fig. 1). The sample was transferred from the
water and placed onto the lower disk. A 12.7-cm (i.d.) Plexiglas cyl-
inder was slipped over the sample and the disk was lowered, coming
to rest on supports anchored into the polyvinyl chloride support pipe.
The upper tension disk (25-pm screen) was then placed gently on
top of the sample by inserting the upper disk into the Plexiglas cylin-
der. Because the tension disks were a snug fit in the Plexiglas cylinder,
the upper tension disk needed to be pushed gently into position (i.e.,
friction with the side wall reduced its effective weight) to maintain
hydraulic contact without causing compression.
This is the critical feature of this apparatus that
allows it to maintain contact with the sample dur-
ing every stage of pressure application—at the be-
ginning of each stage, the upper disk was lowered
to ensure contact with the upper surface of the
sample. Sample height was measured at the end
of each stage of pressure. The tube from the upper
tension disk was inserted below the water surface
in an Erlenmeyer flask that drained into a 10-mL
graduated cylinder used to measure outflow. This
prevented air from entering the outflow tube of
Ocm the upper disk while maintaining a constant head.

The initial starting position had the water
level in the source reservoir (beaker) and outflow
reservoir (flask) even with the top of the lower
tension disk (0 cm) (see Fig. 1). Then, both the
flask and beaker were lowered 4 cm. After water
-8 cm stopped flowing, the source reservoir was raised
back up to the initial level (0 cm) to create a con-
stant head difference of 4 cm and discharge (Q)
was recorded. Once Q became constant, the upper
disk and cylinder were removed, the sample was
carefully removed and weighed and then placed
back on to the lower plate, and the cylinder and
upper disk were replaced. Both the source and
outflow reservoir were then lowered to the next
stage (initially with no head difference) and the
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Table 1. Physical, hydraulic, and RETC curve-fitting parameters of the ~5 cm layers of a sphagnum hummock. Curve-fitting
parameters were estimated with RETC using both the water retention, 6(1), and unsaturated hydraulic conductivity function,
K(¥); the values in parentheses are based on 0(x) only. Predicted values [i.e. using only 8(1))] were made only for the plotted 5-,
15-, and 25-cm depths shown in Fig. 2. The RETC code was run with the empirical constant m = 1 - 1/n; simultaneous fitting

of hydraulic conductivity (weighting 0.8) and water retention data (van Genuchten et al., 1991) and residual volumetric water

content set to 0.02 at —15-m pressure (Boelter, 1969).

Hydraulic conductivity

Deptht Bulk density  Saturated 6 ok n s Saturated -25 cm pressure head
cm gcm™3 pm s~
5 0.040 0.89 10.47 (10.24) 2.53(1.28) -0.81 1830 0.04 (0.00012)
10 0.034 0.88 0.47 2.21 -1.99 245 0.37
15 0.90 0.47 (3.00) 2.00 (1.25) -2.14 319 0.063 (0.002)
20 0.038 0.90 0.27 2.36 -2.20 331 3.7
25 0.92 0.10 (0.13) 2.82 (1.54) -1.79 235 11.1(2.4)

t Mid-depth of 5-cm samples.

¥ o and n are empirical constants that affect the shape of the (predicted) water retention curve.

§ L is a parameter in Mualem’s model that accounts for pore tortuosity and connectivity.

above sequence repeated until the outflow flask was ~32 cm below
the base of the sample and the source beaker 28 cm below. Thus a
constant head gradient (=4 cm [difference between flask and bea-
ker]/5 cm [height of core] = —0.8) was maintained for all tests, but
with variable pressure. Pressure () was calculated as the average of
the lower and upper tension disk pressure heads, nominally referenced
—-10, —14, down
to =32 cm). The smaller fabric size (25 pm) was used on the upper

to the mid-depth of the sample (approximately -6,

disk because the outflow (flask) location was always 5 cm (thickness
of core) plus 4 cm (head difference) lower than the inflow beaker
and thus a lower (more negative) air entry pressure (},) was needed;
otherwise the system would leak as air entered the plate. The hydrau-
lic conductivity function, K(\), was calculated at each W from the
imposed gradient, sample length, and discharge by applying Darcy’s
law (Elrick and Bowman, 1964). Water content (0) was determined
gravimetrically using standard methods (Gardner, 1986) based on the
original field sample volume, the sample mass at specified pressure
intervals, and the dry mass.

Water retention was determined as part of the K(y) analysis, since
the samples were weighed at each progressive head setting. Saturated
hydraulic conductivity (K)) was determined on the same samples in
a cylinder lined with a rubber sleeve like those commonly used in
triaxial tests (Franklin and Hoeck, 1970). The sleeve was inflated by
injecting it with water, using a syringe, to provide sufficient lateral
compression to prevent leaks down the sidewall. A unit (upward) hy-
draulic gradient was applied to produce a measured outflow, and X
was determined using Darcy’s law.

The RETC code (van Genuchten et al., 1991) with the model of
Mualem (1976) for determining unsaturated hydraulic conductivity
was used to fit curves to the O(y) and log-transformed K(y) relation-
ships, and then to predict K(y) on the basis of 0(y) only.

RESULTS

The sphagnum moss from the hummock had a bulk density (p,)
typically around 0.04 g cm™3, and saturated water content () 0.89
t0 0.92 m3 m™3 (Table 1). The water retention capacity was similar at
the 5- and 15-cm depths but was notably greater at 25-cm depth (Fig.
2a). The RETC curves fit well for all water retention data (2 = 0.99).

The value of K_ in the uppermost layer was almost an order of
magnitude greater than in the lower layers, dropping from 1830 to

235 um s~! with depth. The unsaturated hydraulic conductivity at
= —25 cm of water (K\u—ZS) had the opposite trend, being higher in
the deeper (25-cm) sample (11.1 um s71) than in the upper (5-cm)
sample (0.040 pum s™') (Fig. 2b). The RETC code also did a good
job of replicating the observed data when fitted simultaneously with
retention and K(y) data (Fig. 2b). Using only water retention data in
RETC to predict the K(y) function, however, resulted in errors of up
to two orders of magnitude at Y = =25 cm of water, seriously under-
predicting the measured values for the 5- and 15-cm layers (Fig. 2c).
The predicted K(y) function for the 25-cm layer underpredicted the
measured value by almost an order of magnitude throughout most of
the applied pressure range. The RETC parameters for all three depths

are provided in Table 1, along with those of the intermediate layers.

DISCUSSION

The newly developed K(y) apparatus provides the only known
published values of unsaturated hydraulic conductivity for sphagnum
mosses. While saturated hydraulic conductivity of living and unde-
composed mosses may be too high to determine using field methods
(Boelter, 1965), undecomposed mosses at 0.15- to 0.25-m (Boelter,
1965) and 0.20- to 0.30-m (Hoag and Price, 1995) depths have been
reported to be 0.38 and 16 mm s~!, respectively. Saturated hydrau-
lic conductivity values reported in this study are between these val-
ues. Vertical hydraulic conductivity in bog peats is typically 1 to 10
times lower (Chason and Siegel, 1986). The results show a very steep
decrease in hydraulic conductivity as the sample drained from 0- to
—35-cm pressure. In the upper layer, K dropped nearly five orders of
magnitude as  was decreased. In the lower layers, the drop was about
one order of magnitude. The sharp change in unsaturated hydraulic
conductivity is caused by the initially rapid drainage of the mosses
that occurs when the pressure head is reduced—the air-entry pressure
(y,) was essentially 0 m? m™. In the 5- and 15-cm-depth samples,
more than half the water drained out at the first stage of desaturation
(¥ = =6 cm) (Fig. 2). In the 25-cm-depth sample, water retention
was greater, and this imparted a notably greater unsaturated hydraulic
conductivity. We attribute this to the greater water retention that oc-
curs with depth in mosses (Hayward and Clymo, 1982) so the flow
path becomes less tortuous because of the presence of more and thick-
er water films through which flow can occur.
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the samples tested here, with py, = 0.04 g cm™, the moss
comprised about 3% of the volume; thus, as little as 7%
of the volume contributed to flow when  was less than
approximately —20 cm.

The RETC code provides a useful way of represent-
ing the characteristic curves, but only if both 8(y) and
K(y) are used to generate curve-fitting parameters (Table
1). The predicted K(y) based on 0(y) data alone under-
estimated K\u—ZS by several orders of magnitude in the

5- and 15-cm layers. This suggests that the theoretical
pore-size distribution model (Mualem, 1976) does not
represent well the structure of mosses.
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The measurement apparatus is cheap to construct
400 1nd worked relatively quickly (several hours to do each
run); however, there are limitations to the method caused
by the high y, of the nylon mesh we used. The minimum
average pressure we could consistently achieve was about
~35 c¢m. Our original intention was to minimize flow re-
sistance by using the largest mesh size practical (i.e., to
achieve a sufficiently low y,); however, the mesh used (25
and 35 um) could produce a flow several orders of mag-
nitude larger than the highest unsaturated hydraulic con-
ductivity we measured, thus using different mesh sizes on
upper and lower screens proved unnecessary. Moreover,
given the low resistance to flow, a smaller mesh size could
possibly be used to achieve a greater range of . After
several uses, however, there was a measurable decrease in

0.0 10.0 200 300
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1.E-05 1

1.E-06 1

K (mis)

1.E-07 1
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4 the flow that a single plate could deliver because the pores
400 on the mesh became clogged. Flow could be restored by
scrubbing lightly.

Following these experiments, we built new tension
plates that were much thinner (~8 mm), so that the
potential for inadvertently compressing the sample is re-
duced. In the experiments reported here, some shrinkage
occurred as the sample dried—from about 1 to 7% in
the tested y range. During the first stage of drainage, the
volume change is primarily vertical (and also the great-
est), thereafter becoming triaxial. The volume change can
be considerably reduced by ensuring that the sample is
not oversaturated to start the test. In fact, assessing 0, is
problematic. The sample can swell beyond field volume if
too much water is added to cause saturation, even to the

1.E-10
0.0 10.0 200 300

-y (em)

Fig. 2. (a) Water retention and (b) hydraulic conductivity predicted with RETC using
both the water retention, 8(1), and the unsaturated hydraulic conductivity function,
K(}), measured with the apparatus; and (c) K(1 predicted on the basis of 6(1) only.

The rapid decline in moisture content on drainage of the upper
moss layers has been noted previously (e.g., Boelter, 1969). In the
upper layers, 0 became more constant at relatively high y (about =10
cm). At  values lower than this, the water films that conduct flow
are very thin (hence the low unsaturated hydraulic conductivity), and
the residual water is mostly held within the hyaline cells of sphagnum
mosses (Ingram, 1983). According to Hayward and Clymo (1982),
water in these hyaline cells is drained when W drops below about

—200 cm and represents about 10% of the space in a moss carpet. In

point where calculated 6 is >1 m® m™3. We attempted
408 o constrain our samples to field volume to calculate 6,
which made those values several percentage points lower
than some other values reported in the literature (e.g.,
0.95 m3 m™3; Boelter, 1969). The design of the instru-
ment, with the “suspended” upper plate, accommodates
the volume change, as it can be pushed into firm contact
with the subsiding surface following each step in reduc-
ing y; however, O may be underestimated by a few percentage points
because the end volume of the sample is smaller than the starting
volume used to calculate moisture content. In the field, the upper
layer of moss in hummocks is rarely saturated (e.g., Price, 1996), so
the effective volume change is not so important.
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