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ABSTRACT

Sphagnum (spp.) is widely distributed in permafrost regions around the arctic and subarctic. The
moisture content of the moss layer affects the thermal insulative capacity and preservation of
permafrost. It also controls the growth and collapse history of palsas and other peat mounds, and is
relevant, in general terms, to permafrost thaw (thermokarst). In this study, we test and calibrate seven
different soil moisture sensors for measuring the moisture content of Sphagnum moss under laboratory
conditions. The soil volume to which each probe is sensitive is one of the important parameters
influencing moisture measurement, particularly in a heterogeneous medium such as moss.

Each sensor has a unique response to changing moisture content levels, solution salinity, moss bulk
density and to the orientation (structure) of the Sphagnum relative to the sensor. All of the probes
examined here require unique polynomial calibration equations to obtain mmsture content from probe
output. We provide polynomial equations for dead and live Sphagnum moss (R? > 0.99). Copyright ©

2004 John Wiley & Sons, Ltd.
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INTRODUCTION

The moisture content of moss is directly related to its
thermal conductivity (Yoshikawa et al., 2002). The
thermal conductivity changes ten-fold between dry
and saturated conditions. Moss is widely distributed in
permafrost regions. Thus, periglacial processes and
the thermal offset of the permafrost are strongly
influenced by the water content of the moss layer. In
this paper, we evaluate new soil moisture probes in
Sphagnum moss under laboratory conditions. Since
Sphagnum differs morphologically from other
mosses, and since this has an effect on moss water
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Copyright © 2004 John Wiley & Sons, Ltd.

retention capability and bulk density, these results are
not applicable to other mosses.

METHODS AND PRINCIPLES

Seven soil moisture sensors using electromagnetic and
resistance methods were employed to evaluate their
accuracy in determining the moisture content of the
live and dead part of Sphagnum moss (Table 1). This
experiment used the following sensors: TDR100
(Campbell Scientific, Inc.) with the CS605 TDR probe,
GroPoint (Environmental Sensors Inc.), Hydra Vitel
probe (Stevens Water Monitoring Systems Inc.), Theta
ML2x Delta-T probe (Delta-T devices, Inc.), Water-
mark sensor model 200SS (Irrometer Co.), ECH,0
(Decagon device, Inc.), and CS615 (Campbell Scien-
tific, Inc.). The sensors were tested at the laboratory of
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the Water and Environmental Research Center, Uni-
versity of Alaska. Probe output signals were logged
with a CR10X datalogger (Campbell Scientific, Inc.).
Time domain reflectometry (TDR) waveforms were
collected using the Campbell Scientific TDR100
and analysed using the method of Heimovaara and
Bouten (1990).

The four Sphagnum samples were cut to known
volume and discriminated by layer (live fascicles and
capitulum, dead fascicles). Samples were set in an
upright position and allowed to soak for more than
24 h before measuring, after which each of the probes
was inserted into a sample block. Moisture content
was measured in a 32°C forced air oven. The saturated
Sphagnum samples (30 x 35 x 9cm) were weighed
during drying in the oven using an electronic balance.
Balance output was recorded every 5 min. Additional
TDR, CS615 and Vitel probes were also manipulated
to change the sensitivity of the sensors. Heat-shrink
tubing was used to cover all of the metal tines of the
sensors. These coated ‘low sensitivity sensors’ were
inserted into the Sphagnum samples at the same time
as the unaltered sensors. Probes remained inserted in
the samples until the experiment terminated.

The effect of solution salinity on probe perfor-
mance was investigated in a further experiment.
Solution salinity was varied with all probes immersed
in a NaCl solution in an 80 x40 x 30cm plastic
container. NaCl concentration was measured with an
electric conductivity meter and a refractometer. The
dielectric constant for water is temperature dependent
and therefore temperature variations also affect the
bulk dielectric constant, by about 12 over the tem-
perature range most unfrozen soils experience (0 to
40°C). Temperature also affects the solid matrix-
solution interaction and thus exerts an effect on probe
response that is also frequency dependent (Wraith and
Or, 1999). The magnitude of this influence depends on
the frequency used for measurement and on the solid
matrix material measured, whereby the specific sur-
face area seems to be critical in determining tempera-
ture response. An individual treatment of temperature
dependency for each probe is the subject of future
work.

FDR (capacitance) Sensors: Vitel Probe, Theta-
Probe, ECH,O Probe (similar probes in the market:
SMS3, HMS9000 Moisture Probe)

Frequency domain reflectometry (FDR; capacitance)
sensors can achieve a single frequency oscillation
with a maximum of about 100 MHz (for example:
Vitel probe, 50 MHz; Theta probe, 100 MHz; ECH,O
probe, 2MHz). The frequency of the probe is
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influenced by salinity and the imaginary part of the
dielectric constant (Dean et al., 1987; Bell et al.,
1987). The lower the frequency of measurement, the
higher the noise effect of the ionic conductivity. For
this reason, there is a greater dependence of FDR
(capacitance) sensors on the bulk electrical conduc-
tivity or salt content and on the soil type. As a result,
Dirksen and Hilhorst (1994) suggested that the sensi-
tivity of FDR devices to soil type mandates a greater
need for calibration and that low FDR frequencies are
problematic.

TDT (or TDR) Sensors: Gro Point, CS615 (similar
probes on the market: Dynamax’s Vadose; Streat
Instrument’s Aquaflex; Campbell Scientific’s CS616,
620; AP moisture probe aqua pro)

In time domain transmissometry (TDT) or TDR, an
electrical signal is sent along a transmission line and
the evanescent field around the transmission line
interacts with the surrounding medium. The pulse
speed (GroPoint probe) and wave shape (CS615) of
these signals are affected by the dielectric constant of
the medium.

The CS615 probe frequency varies according to the
transit time along the rods of the probe. The oscillator
runs at 55.5 MHz, while conventional TDR systems
use higher frequencies (about 0.1-5 GHz). The oscil-
lator output is scaled down to the low kHz range in the
probe head for transmission back to the logger, so
signal loss along the cable back to the logger is not the
same as that which must be considered for long
cable runs between a true TDR unit and the TDR
waveguides (probes). Instead, the CS615 measures
the travel time for the signal to reflect off the end of
the probe. This period of oscillation is simply deter-
mined by the travel time for the signal to travel down
the rods four times plus the circuit delay. The high
frequency signal is then divided down for the low
frequency output that the datalogger accepts (Bilskie,
1997).

Equation 1 provides the principle of CS615
system and gives the relationship to the dielectric

constant (e):
0.5\ \ !
F = <2([cjr+2L§ )) (1)

where ¢t is delay of the circuit components, L is the
probe length, ¢ is the speed of light (2.997 x
10°ms™") and F is the frequency of the CS615 probe.

The GroPoint (standard sensor) Probe measures the
velocity of the electromagnetic signal at 0.5 ps sam-
pling intervals. These pulse signals are detected by the

Copyright . 2004 John Wiley & Sons, Ltd.
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signal processor to calculate the velocity of transmis-
sion (vy;) along the rods of the probe.

Je =

C

()

Vsoil

where e is the bulk soil dielectric constant.
Granular Matrix Sensor: Watermark

The Watermark block, or granular matrix sensor, is a
relatively new style of electrical resistance block
similar to the gypsum block. The electrodes are
embedded in a granular matrix material, which ap-
proximates compressed fine sand. A gypsum wafer is
embedded in the granular matrix near the electrodes.
The granular matrix material enhances the movement
of water to and from the surrounding soil, making the
block more responsive to soil water tensions in the 0
to 100kPa range (Shock et al., 1998). Watermark
blocks exhibit good sensitivity to soil water tension
over a range from O to 200kPa. This makes them
adaptable to a wider range of soil textures than
gypsum blocks.

Physical Properties of Sphagnum

A single Sphagnum plant has the peculiar structure of
having its branches produced in fascicles of two or
more diverging branches. These fascicles are com-
pressed together to form a head, or capitulum, giving
the moss a tuft-like appearance. The stems themselves
show a greater degree of internal complexity than
most other mosses. The stem tissue can be divided
into two regions: an inner pith and an outer cortical
layer of larger, usually dead cells. The pith is the site
of food production and storage, while the cortical
layer functions in water absorption and protection.
Sphagnum has a remarkable capacity to absorb and
retain water; it can hold 20-30 times its weight of
water. Water is stored inside the plant in special
containers called hyaline cells.

Sphagnum leaves have a characteristic single-layer
cell net that distinguishes them from other mosses.
Perhaps the most distinctive feature of Sphagnum
morphology is the leaf. Sphagnum leaves have a
unique and unusual arrangement of two different
kinds of cells. The most obvious cells are the large
hyaline cells, which have thickened bands of support-
ing material, and often have pores. These cells are
dead at maturity, and serve to retain water. Figure 1
shows general Sphagnum features and hydraulic prop-
erties. The field capacity of each part of the Sphagnum
is different. The capitulum can hold up to 1225 % of
its weight in water (Skre et al., 1983). Figure 1 shows

Permafrost and Periglac. Process., 15: 309-318 (2004)
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Figure 1  Bulk density distributions of Sphagnum. The bulk density varies with species and component of the mosses; the ranges represent

variations seen on just one day (8/9/1995) for the capitulum and live portion of the moss (Trumbore ef al., 1999). In situ moisture content
also varies between 16-52% (by vol.) for the capitulum and 16-65% for the live portion respectively. The humic and dead portions of the

fibric layer are commonly more than 60% (by vol.).

each part of Sphagnum’s field capacity and bulk
density. The lower part of dead moss can also store
significant amounts of water.

Total porosity () has been defined as the total
volume occupied by solids subtracted from unity to
give the total volume occupied by pores (Danielson
and Sutherland, 1986). Total porosity is calculated by:

where p, is the dry bulk density, p, is the particle
density, and the ratio p,/p, is the fraction of the total
volume occupied by solids. While bulk density mea-
surements are easily and accurately done, particle
density methods are tedious and, for live material,
the particle density itself may be considered a func-
tion of moisture content. Sphagnum layers consist
mostly of organic materials and have much lower
particle density than layers containing significant
mineral fractions. We used a particle density value
of 1.37Mgm™ for this study (Fonteno, 1993).

RESULTS AND DISCUSSION
Water Content
With the exception of the Watermark, all sensors

showed high correlations (R?>0.99) between the
gravimetrically determined volumetric water content

Copyright © 2004 John Wiley & Sons, Ltd.

(%) and the measured dielectric output (Table 1 and
Figure 2). Watermark was not able to detect the cell
water content of the Sphagnum. The moisture reading
from Watermark varied between 20 and 5% for the
same moisture content. The calculated dielectric con-
stant of each sensor and the water potential of the
Watermark probes (Table 1) suggest that conversion to
volumetric moisture content of Sphagnum is possible
for each probe.

Similar TDR calibration curves exist for Sphagnum
peat (Myllys and Simojoki, 1996), and for organic
soils (Roth et al., 1992; Figure 3) and Decagon Inc.
provide calibration data for the ECH,O probe for
organic soils. The former study found little difference
between Sphagnum and Carex peat. In both cases,
sample-specific calibrations were bulked together to
create a calibration curve for dielectric constant and
moisture content, at a cost of measurement error.
Below a volumetric moisture content of 0.7, our
calibration curves for TDR in live and dead Sphagnum
give higher dielectric contents than either of the
previous studies, and are thus closer to Topp’s equa-
tion (Topp et al., 1980) for mineral soils.

The sensitivity of TDR probes is related to the tine
diameter and to inter-tine distance (Knight, 1992;
Zegelin et al., 1989), which both affect the volume
of bulk soil to which the probe is sensitive and the
spatial weighting within that volume. The differences
between each sensor at the same dielectric constant
suggest that the volume of sensitivity and the spatial

Permafrost and Periglac. Process., 15: 309-318 (2004)
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Figure 3 A comparison of the calibration equations for dielectric constant as a function of volumetric soil moisture content (6,) from the

experiments on different organic materials.

weighting within this volume controlled probe output
signals. Both the volume of sensitivity and the spatial
weighting vary with probe geometry and are difficult
to define. However, thin layers of moss can be
measured, as long as the volume of sensitivity (gen-
erally less than 4-6cm in smallest dimension) does
not extend beyond the boundaries of the layer. Figure
4 shows the variance of the dielectric constant read-
ings versus the volume of sensitivity using normal
CS615 and coated ‘low-sensitivity’ CS-615 probes.
For larger volumes, corresponding to longer probe
rods, a lower variance in sensor output was observed
in both dead and live Sphagnum layers. Simply, longer
sensors sample a greater volume to construct a spa-
tially weighted average of the bulk dielectric proper-
ties. Mosses in general, and Sphagnum in particular,
have very low bulk densities and a strongly oriented
matrix. Laboratory data indicate reasonable values of
soil moisture for most of the probes; however, mea-
surement accuracy (for dielectric constant and moist-
ure content) will increase when larger volumes are
sampled or when coated probes are used.
Experiments that were run with covered-tine sen-
sors investigated the effect of decreasing sensitivity of
the probe to the near-tine region. The influence of air
gaps or inhomogeneities close to the tines of the
sensor on the weighted average dielectric constant
are thus reduced. This increases the dependence of the

Copyright © 2004 John Wiley & Sons, Ltd.

measured dielectric constant on the soil volume sur-
rounding the probe at a cost of sensitivity (precision).
This can be seen in Figure 5, where results for coated
and uncoated probes are presented for TDR, CS615,
Vitel and ECH,O probes. In all cases, change of
measured dielectric constant with changing bulk
water content is reduced, particularly above a water
content of about 25 to 30%, which roughly corre-
sponds to field capacity. This figure and the associated
equation suggest that the sensitive (uncoated) sensors
have greater potential error at a lower moisture con-
tent range. In addition, the coated sensors have the
benefit of generating stable readings for small sam-
pling volumes or short insertion lengths (Figure 4). In
general, coated Vitel, TDR, CS615 probes and man-
ufacturer-coated ECH,0 probes are highly accurate
over the natural moisture content range.

Bulk Density

Changing bulk density (porosity) of the Sphagnum
moss had a significant influence on the dielectric
constant value. We believe that this is one of the
main sources of disparity between handheld measure-
ment and in situ long-term measurements. Handheld
measurements tend to depress the moss surface on
insertion and thus to increase bulk density. This is a
potentially major problem for both the TDT and FDR

Permafrost and Periglac. Process., 15: 309-318 (2004)
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Figure 4 The variance of the dielectric constant versus the volume of sensitivity for the CS615 probe. Standard deviations are calculated
for 20 replicates (n = 20) at each probe length. The effective volume is estimated to be 2¢m from the probe rods (Bilskie, 1997).
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Figure 5 Dielectric constant measured by TDR, CS615, Vitel, and ECH,O probes versus coated (‘low-sensitivity’) probes. Coated probes
have a relatively lower dielectric constant at a higher water content. However, dielectric values get closer for drier conditions (<30%).
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methods. Roth’s equation (Roth et al., 1990) indicated
porosity is the most sensitive parameter for the total
media dielectric constant. There is a clearly increasing
trend in dielectric constant with decreasing porosity.

Orientation of Moss Structure

The Polder-Van Santen-de Loor formula (Ulaby et al.,
1982) suggests that the orientation of the sensor
insertion angle relative to the direction of Sphagnum
growth is an important parameter for measurement.
The effect of the angle of sensor on the dielectric
constant is shown in Figure 6 for the laboratory
experiments. Live Sphagnum has water-holding hya-
line cells at the leave, stem and capitulum. The higher
density of these cells means that vertical installation
results in higher water content.

Estimates of the spatial distribution of soil moisture
are important for ground-truthing of remotely-sensed
data, and for soil response to hydrologic events. In
order to extrapolate soil moisture measurements from
the point scale to the areal scale, handheld sensors are
commonly employed, rather than semi-permanent
installations. In most cases, an implicit assumption
is made that data from horizontally installed probes
can be related to vertically installed probes, and that
either of them can be related to larger-scale electro-

the anisotropy introduced by the structure of Sphag-
num plant.

Salinity

Higher frequency or pulse signal type probes have the
benefit of eliminating the effect of salinity-induced
increases in solution electrical conductivity. Figure 7
presents variations of probe output in solution from
19puScm™! to 46mScm™'. None of the sensors re-
spond to changes in conductivity below 300 uScm™".
Between 300 and 3000 pS cm ™, all probes except for
the TDR respond to changing concentration. CS615,
the imaginary part of the Vitel reading, Theta Probe,
GroPoint and ECH,O probes respond to decreasing
degrees over the same range. TDR100 waveforms are
too strongly attenuated above 3mS cm ™' for analysis.
The onboard algorithm of the TDR100 for measuring
water content also fails to produce reliable results at
high concentrations.

The Vitel probe is also capable of reading salinity
(NaCl burden, s, expressed as gL '), the imaginary
part of the dielectric constant with temperature
compensation and conductivity. Under the Vitel pro-
gram (Vitel, Inc., 1994), salinity is calculated using
the following equation:

magnetic data. The inhomogeneities present in most s = (0,423” 0'9298) (4)
soil profiles close to the surface are compounded by 1.011¢'
8 -
o Vitel y=x
~ r x Theta
N 6
<
s
X 5
WV
e
X 4
3
s 3
S
< 2
S
-~
1
0 I
0 2 4 6 8

vertical insertion (e)

Figure 6 Coated and uncoated Vitel and Theta probes were inserted into a block of Sphagnum recovered intact from the field. Vertically

inserted probes show relatively higher values of dielectric constant.

Copyright © 2004 John Wiley & Sons, Ltd.
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CS615 (e) (secondary y-axis). None of the sensors responded to changes in conductivity below 300uS cm™'. Between 300 and
3000 uScm ™, all probes, except for the TDR, responded to changing concentration.

where s is the salnity, ¢’ is the real part of the dielectric
constant, and ¢” is the imaginary part of the dielectric
constant.

CONCLUSION

Laboratory comparison of seven probes for measuring
soil moisture content by electromagnetic means in-
dicated reasonable measurements of moisture content
in Sphagnum moss when compared to volume-con-
trolled, weighed water contents. FDR and TDT (TDR)
probes are capable of assessing moss moisture con-
tent. The major parameter influencing the dielectric
constant is moisture content; however, all probes are
strongly influenced by the porosity, fibre (stem and
leaf) orientation and solution salinity of the moss. The
sensitivity of the sensors is controlled by these para-
meters. The dielectric constant fluctuates highly
within the live and dead layers of Sphagnum moss.
We provide conversion equations from probe output to
soil moistuze for each sensor for dead and live
Sphagniua moss (Table 1). Calibrations may not be
required fo. wuavidual probes and our calibration
curves can be adapted. However, the porosity of
moss remains a source of large variability in measure-
ments, therefore we recommend site specific calibra-
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tion, at least for Sphagnum moss. The implications of
such variability are that measurements made with
handheld probes are likely to be as variable as spatial
variations in bulk density. For in situ field measure-
ments, the sensor’s volume of sensitivity, direction of
insertion and the porosity of medium will affect soil
moisture values. These parameters are easily modified
during manual measurement in the field. Buried
sensors associated with a datalogging system yield
much more stable readings than handheld measure-
ments.

Coated sensors resulted in lower variance for re-
peated measurements when compared with uncoated
sensors. Coated probes are well suited for measure-
ments of lower soil moisture content conditions
(<30% by vol.) because sensitivity to moisture con-
tent proximal to probe tines is decreased. In addition,
heterogeneous materials such as moss have frequent
contact with the sensor’s rod. The total number of
moss contacts strongly affects the probe’s output but
remains an unknown. Coated sensor design eliminates
this surface sensitivity factor, which is of great benefit
in moss. Coated tines are not commercially available,
except for the ECH,O and GroPoint probes. The
ECH,O probe provides organic-material measure-
ment capability and the GroPoint probe can measure
moisture content under a high saline condition.
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