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Abstract

The impact of machines on forest soils is regularly assessed and quantified using absolute bulk
density, which is most frequently obtained by soil cores. However, to allow for repeated mea-
surements at the exact same locations, non-destructive devices are increasingly being used to
determine soil bulk density and moisture content in field studies. An example of such a device
is a nuclear moisture and density gauge (NMDG), originally designed as a control measure-
ment for soil bulk density and moisture content in geotechnical applications. Unlike road
construction or foundation projects that use mineral soil or gravel, forest soils have complex
structures and the presence of organic matter, which can skew moisture and density readings
from a NMDG. To gain further knowledge in this respect, we performed controlled tests in a
sandbox to quantify the influence of varying amounts of saturated organic matter (3, 5, 10,
and 15%) mixed with mineral soil in different layers (0-5, 0-10, 0-20 and 0—40 cm) on the
accuracy of soil moisture content obtained by a NMDG and soil theta probe at varying depths.
Main results illustrated that the presence of saturated organic matter per se was not problem-
atic but moisture content overestimations and related underestimation of dry bulk density
occurred when the tested measurement depth was below the created organic layer. Since forest
soils often exhibit higher organic matter contents in the upper horizon, correction factors are
suggested to minimize the moisture content variations between NMDG and reference method.
With the use of correction factors, NMDG can present a non-destructive, fast, and accurate
method of measuring soil moisture and bulk density in forestry applications.

Keywords: forest soils, soil bulk density, machine traffic, theta probe, soil cores, non-destruc-
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1. Introduction

Machine-induced soil disturbances, in particular
soil compaction within a forestry context, is normally
assessed by soil bulk density collected by metal tubes
of known volume that are inserted into the soil and
then extracted to obtain the mass of the material. This
method remains labor intensive and destructive there-
by not allowing for repeated assessments of soil phys-
ical properties from the same sample point (Jansson
1999). Hence, this renders temporal monitoring of soil
properties from exactly the same location impossible.
Other instruments such as in-place soil density with

sand-cone and nuclear moisture and density gauge
(NMDG) are also available to measure in-situ soil
properties. In addition to allowing in-place and non-
destructive assessment of soil bulk density and mois-
ture content (Hao et al. 2008), NMDGs also permit
multi-depth measurements from the same drill hole,
allow for fast data acquisition and instantaneous re-
sults, and offer the possibility of performing repeated
measurements at identical locations (Al-Shammary et
al. 2018, Labelle et al. 2019). Despite these sizeable ad-
vantages, it is important to consider that NMDGs were
originally designed to assess soil bulk density and mois-
ture content on geotechnical projects (foundations and
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road construction) where the substrate being tested is
usually mineral soil or gravel layers with minimal
amounts of organic matter. During the past four de-
cades, the use of NMDGs in the field of forestry has
increased steadily (Steele et al. 1983, Corns 1988, Page-
Dumroese et al. 1999, Labelle and Jaeger 2011, Jur-
gensen et al. 2018, Labelle et al. 2019). One of the most
noticeable differences between geotechnical and forest
sites lies with the presence of organic matter (litter and
roots), which has a potential to affect the accuracy of
the NMDG measurements, in particular moisture
readings, and thus, the calculated dry bulk density
values, because the hydrogen contained in the organ-
ic matter contributes to the increase of moisture read-
ings.

In order to gain further knowledge on the applica-
bility of using NMDGs in a forestry environment with
the presence of organic matter, this research aimed to:

Assess the influence of varying saturated organic
content both in terms of quantity and thickness on the:

= accuracy of soil moisture measurements as re-
corded by a NMDG and a theta probe

= accuracy of soil dry bulk density measurements
as recorded by a NMDG.

2. Material and Methods

2.1 Experimental Design and Procedure

Due to the interactions of numerous variables (i.e.,
soil moisture content, soil texture, organic matter,
roots, rocks, surrounding vegetation, brush mat, etc.)
linked to data recording in forest stands, controlled
testing was performed in a laboratory at the University
of New Brunswick, Canada.

To quantify the influence of organic matter on the
accuracy of a NMDG and a soil moisture theta probe,
combinations of different mixtures of homogeneous
mineral soil and peat moss (97% organic matter)
placed in different layers were tested within a con-
fined area (sandbox). In particular, our study tested
four levels of organic content (3, 5, 10 and 15%) applied
in four different layers (0-5, 0-10, 0-20 and 0—40 cm)
within a test sandbox (Fig. 1). In this research, zero
refers to the surface of the soil. For each of those treat-
ment combinations, properties (soil moisture with
theta probe and soil bulk density and moisture with
soil cores and NMDG) were assessed at four different
depths (5, 10, 20 and 30 cm) and each combination
replicated once. This yielded 128 measurements (4 or-
ganic matter contents x 4 layers x 4 depths x 2 tests) for
each assessment method (soil cores, NMDG, theta
probe), thus equaling 384 measurements.
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Fig. 1 Side-view schematic of the sandbox indicating the four
tested layers of sand and organic material mixtures

The sandbox (140 cm in length by 80 cm in width
and 70 cm in height), constructed from structural lum-
ber, was designed to enable in-place soil bulk density
and moisture measurements and was equipped with
detachable sidewalls on the front side to allow quick
excavation of the material between tests. Furthermore,
the sandbox was divided in two equally sized com-
partments to permit simultaneous testing of two dif-
ferent treatments. Horizontal reference lines were
drawn on the inside perimeter of each compartment
at every 10 cm on the vertical to facilitate the compac-
tion process. Sand (99.3% mineral) as used in concrete
mixtures was chosen for consistency between tests.

To obtain comparable conditions between tests,
mineral sand and organic matter were prepared at
fixed moisture contents by adding the required
amount of water. Targets were set at 5% moisture for
the mineral sand and saturation for the organic matter.
Therefore, moisture content of the saturated organic
material averaged 664.5% (percent of dry mass) with
a standard error of +4.1% between all tests. Since or-
ganic material has high water absorption capacity, it
was important to increase its moisture level so that it
is more in line with organic material in the upper ho-
rizons of forest soils. To reach the desired organic con-
tent mixture the necessary amount of saturated or-
ganic material was mixed with mineral sand (at 5%
moisture content) with a portable electric mixer (ca-
pacity of 0.1 m®). For consistency, all samples were
mixed for a duration of eight minutes. After mixing,
the sand or the sand and organic mixture was trans-
ferred from the mixer into one of the two sandbox
compartments. To obtain a uniform density through-
out the vertical and horizontal profiles, sand or mixture
of sand and organic material was added in four 10 cm
vertical increments. At each fill layer, a steel rammer
weighing 7220 g with a base area of 144 cm” (nominal
compaction energy of 63 kJ/m’), was dropped verti-
cally and in a perpendicular angle to the soil surface
from a height of 10 cm. Maintaining a constant height
of fall assured comparable compaction energy for
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equal compaction of the sand. The rammer was moved
systematically until the entire surface area was com-
pacted by providing two blows over the surface of
each layer. This compaction method was repeated for
each 10 cm layer.

2.2 Instruments and Operating Principles

2.2.1 Soil Cores

Due to their frequency of use and reliability, soil
cores were used as the reference method to collect
samples to determine soil bulk density and moisture
content (Solgi et al. 2018). A thinned-wall steel cylinder
(inside diameter of 5.33 cm, length of 3.53 cm and vol-
ume of 78.76 cm’) was inserted horizontally into the
soil at the target depth with a hammer. The core and
corresponding sample were then retrieved from the
soil by careful extraction and the ends of the core were
trimmed flush to the edge of the cylinder. Core sam-
ples were then extracted from the cylinder, weighed
and oven-dried at 105 °C until constant mass was
reached to determine the gravimetric moisture content
and dry density by relating the dry mass of the sample
to the volume of the core.

2.2.2 Nuclear Moisture and Density Gauge

A Humboldt 5001 EZ NMDG was used as a non-
destructive method of assessing soil moisture and dry
bulk density (Fig. 2). The NMDG automatically com-
putes a variety of parameters, including direct read-
outs of wet bulk density, dry bulk density, gravimetric
moisture content, percent of moisture, percent of com-
paction (Proctor or Marshall), void ratio, and air voids.
For this research, focus was directed at dry bulk den-
sity as well as gravimetric moisture content of the soil.
The density measurement is based on the attenuation
of gamma radiation (Cesium-137), due to photoelectric
absorption, which is related to the electron density of
materials (Humboldt Scientific 2012). This indicates the
mass density of materials with a chemical composition
similar to the crust of the earth (Humboldt Scientific
2012). This parameter can be recorded in backscatter
mode or in direct transmission mode where the source
rod is lowered into the soil (Ball et al. 1998, Canadian
Nuclear Safety Commission 2015). The entirety of soil
bulk density readings for this project was recorded in
direct transmission mode. The gamma source, located
at the end of the source rod can be lowered up to a 30 cm
depth in 5 cm increments. The sensor (gamma detector)
that collects the backscattering of gamma radiation is
located at the bottom of the NMDG, which is always
placed in full contact with the ground.

As for the moisture content (gravimetric), its mea-
surement is based on the thermalization (or slowing

©

Fig. 2 a) NMDG with reference plate, drill rod, hammer, drill rod
extractor, and reference standard block, b) Control panel and display
screen of NMDG, and c) Theta probe soil moisture meter

down) of fast neutron (Americium-241) radiation,
which is a function of the hydrogen content of the ma-
terials tested. Since neutrons have no charge, they pass
through atoms quite readily and unless they collide
with a nucleus of an atom, there is little or no loss of
energy. A significant loss of energy occurs only when
neutrons collide with a low mass nucleus such as that
of hydrogen. Both neutron source and sensor are lo-
cated at the bottom of the nuclear gauge; therefore,
moisture content can only be recorded in the backscat-
ter mode (Humboldt Scientific 2012). Because of this,
moisture measurements only represent the top 135 mm
of material, with the main influence being centered at
a depth of approximately 60 mm (Winter and Clarke
2002). The exact depth of this zone is dependent on the
density of the material and the quantity of hydrogen
ions (Fig. 3) (Winter and Clarke 2002). In general, the
radius (r) of the sphere of influence of the probe can
be estimated by Equation 1.

r(em) = 15(0c) " M

Where:

©  percent of soil gravimetric moisture content
(Alvarez-Benedi and Murnioz-Carpena 2005).
Furthermore, the sphere of influence can vary accord-
ing to the following factors:
= itincreases as the soil dries because the hydrogen
concentration decreases, so that the probability
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of collision is smaller and therefore fast neutrons
can travel further from the source

= itis smaller in fine textured soils because of their
water holding capacities, and thus the probabil-
ity of collision is higher

= if there are layers with large differences in water
content due to changes in soil physical proper-
ties, the sphere of influence can have a distorted
shape (Mutioz-Carpena et al. edited by Alvarez-
Benedi and Munoz-Carpena 2005).

Instruments using radiation to perform measure-
ments are subject to decay of the source (2.3% per year
for Cesium-137), drift of the detectors due to leakage
and absorption of quench gas, and long-time drift of
the electronics, which makes a reference standard nec-
essary (Humboldt Scientific 2012). A reference stan-
dard count was performed at the beginning of each
day of testing. To achieve this, a reference standard
block was used to provide a four-minute long stan-
dard count to account for the natural decay of the iso-
topes (Humboldt Scientific 2012). To be able to de-
crease errors, calibrations were performed as a ratio to
a standard measurement. The actual moisture count
for the standard obtained by the NMDG during the
four-minute count was calibrated by the known and
constant moisture content of the standard and the den-
sity count was likewise related to the known density
of the standard and the shielding material of the base
of the NMDG. In order to compute a moisture count
from the reference standard block, the NMDG mea-
sured the hydrogen content. As for the density stan-
dard, it was determined primarily by the shielding
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Fig. 3 Side view of a typical nuclear moisture-density gauge, show-
ing the location of radioactive sources and detectors for moisture
and density measurements (adapted from Winter and Clarke 2002)

material in the base of the NMDG and only slightly by
the reference standard block. Calibration errors with-
in 1% for density and 2% for moisture counts were
deemed acceptable (Humboldt Scientific 2012).

2.2.3 Soil Moisture Theta Probe

A HH2 soil theta probe was used for comparative
measurement of volumetric soil moisture content. The
device is based on amplitude domain reflectometry
and generates a 100 MHz sinusoidal signal, which is
applied to a specially designed internal transmission
line that extends into the soil by means of an array of
four stainless steel rods (Fig. 2c). The three outer rods
are connected to the instrument ground and form an
electrical shield around the central signal rod (Miller
and Gaskin 1999). The impedance of this array, which
varies with the impedance found in the soil, has two
components — the apparent dielectric constant and the
ionic conductivity. The frequency of the signal was
chosen to minimize the effect of ionic conductivity, so
that changes in the transmission line impedance are
almost solely based on the apparent dielectric constant
of the soil. Since the dielectric constant of water (~81)
is substantially higher than that of soil (3 to 5) and air
(1), it is determined primarily by its corresponding
water content (Dynamax 2017). Given that the length
of the stainless steel rods is 6 cm, the theta probe re-
cords layer-wise volumetric water content. The area of
measurement is within a cylinder of 4 cm diameter
and 6 cm length (approximately 75 cm®) surrounding
the central rod. As a NMDG records gravimetric water
content, equation 2 was used to convert the theta
probe’s volumetric water content to gravimetric to al-
low for direct comparisons. Bulk density results ob-
tained from soil cores were used as input in equation
2 (Dynamax 2017).

Py

O =0y x—- )
S
Where:
O¢ gravimetric water content of the soil
Oy volumetric water content of the soil
Pu density of water, =1

Ps bulk density of the soil sample, = Ms/Vs
mass of soil solids
volume of solids

2.3 Measurement Procedure

Once compaction within the sandbox was com-
plete, the guide plate, drill rod and a hammer were
used to create a 35 cm deep hole within the sand. The
NMDG was positioned over the newly created hole
and the source rod lowered to 30 cm. A one-minute
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measurement count was done, after which subsequent
measurements were performed in order to assess soil
bulk density and soil moisture at 20, 10, and 5 cm
depths from the sand surface. The exact position of the
NMDG relative to the frame of the sandbox compart-
ment was measured following the completion of the
readings to ensure that the other two test methods
would sample the same area. After the NMDG read-
ings, the gauge was removed and the theta probe was
inserted into the soil to record volumetric moisture
content. The procedure with the NMDG and theta
probe was repeated at another location within the
sandbox. Afterwards, a soil core was collected at each
layer and for each position. The readings provided by
the NMDG were cross-referenced with the ones ac-
quired with a soil core sampler to develop a correla-
tion between moisture readings obtained with the
nuclear gauge and the organic matter content of the
soil. After a set of readings was complete, the entire
compartment of the box was emptied to enable mixing
of a new sample.

Moisture results from the soil cores were also used
to establish a correction factor (KVAL) of the NMDG
and to reassess the corrected data in terms of goodness
of fit with the reference method. For this analysis, lin-
ear regressions and figures were produced using the
statistical software Minitab. In addition, the theta
probe was also used to determine volumetric water
content at every depth to act as an additional reference
of the water content obtained with the nuclear gauge.
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3. Results

3.1 Accuracy of Soil Moisture and Dry Bulk
Density

When plotting NMDG and theta probe moisture
contents in function of reference moisture content de-
termined by oven-drying the material extracted from
the soil cores, coefficients of determination of the lin-
ear regressions were 0.59 and 0.93 for the NMDG and
theta probe, respectively (Fig. 4). High variability in
moisture content between NMDG and reference val-
ues is mostly concentrated in the low moisture content
range (0-10%). The vast majority (90%) of these data
points were collected at lower depths of 20 and 30 cm
and were linked to treatments where the thickness of
the organic material mixture was limited to the upper
10 cm layer (additional information in section 3.2). Be-
cause of the strong correlation to reference values and
ease of operation, the theta probe is a suitable method
for cross-referencing moisture contents in the field.
Moisture readings at different depths (5, 10, 20, and
30 cm) were studied in the sandbox since excavation
was easy to perform. However, only the top 6 cm of
soil can be assessed in the field if long-term monitor-
ing is targeted.

As the amount of organic material present in the
sand increased, dry bulk density of the material gener-
ally decreased for both soil cores and NMDG results
(Table 1). Aside from a few occasions, the NMDG

90
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Fig. 4 Relationship between reference (soil cores) soil moisture content and a) moisture content from NMDG, b) moisture content from

theta probe
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Table 1 Dry bulk density results between reference soil cores and nuclear moisture and density gauge presented by organic matter content
scenario, layer, and measurement depth

Layer, cm

Organic | Measurement 0-5 0-10 0-20 0-40
content depth - - - -
o o ReP | NMDG* | Dific | REF | NwmDG | Dif | REF | NMDG | Dif. | REF | NMDG | D
g/em’ % g/em® % g/em’ % g/em’ %
5 1138 | 1346 | 183 | 1146 | 1187 | 36 | 1234 | 1214 | <17 | 1214 | 1.189 | 21
10 1504 | 1403 | 67 | 1324 | 1234 | 68 | 1312 | 1251 | 46 | 1253 | 1236 | -14
’ 20 1527 | 1451 | 50 | 1530 | 1.295 | 154 | 1469 | 1314 | -105 | 1220 | 1259 | 32
30 1518 | 1470 | 32 | 1483 | 1333 | —10.4 | 1500 | 1338 | -10.8 | 1.264 | 1267 | 02
5 1343 | 1205 | -103 | 0971 | 1160 | 194 | 1.034 | 1095 | 59 | 1049 | 1.030 | -18
10 1496 | 1284 | -141 | 1294 | 1232 | 47 | 1.036 | 1110 | 72 | 1007 | 1.071 | 64
’ 20 1550 | 1338 | -138 | 1501 | 1287 | 143 | 1521 | 1198 | 213 | 1040 | 1088 | 47
30 1518 | 1378 | 92 | 1497 | 1312 | 124 | 1554 | 1242 | 200 | 1028 | 1119 | 88
5 0.788 | 0925 | 174 [ 0782 | 0883 | 130 | 0819 | 0858 | 47 | 0853 | 0835 | -2
10 1477 | 1004 | 203 | 0758 | 0991 | 307 | 0.809 | 059 | 62 | 0848 | 0867 | 23
b 20 1512 | 1165 | 229 | 1507 | 1138 | 245 | 0951 | 0910 | 44 | 0857 | 0880 | 27
30 1473 | 1217 | <174 | 152% | 1201 | 213 | 1502 | 1.020 | 321 | 0878 | 0897 | 2
5 0501 | 0677 | 352 [ 0590 | 0655 | 110 | 0521 | 0572 | 98 | 0574 | 0636 | 108
o 10 1487 | 0792 | 467 | 0617 | 0697 | 131 | 0545 | 0589 | 81 | 0599 | 0678 | 133
20 1469 | 1022 | 304 | 1467 | 0884 | 397 | 0606 | 0618 | 21 | 0639 | 0732 | 147
30 1458 | 1.115 | 235 | 1493 | 0991 | 336 | 1516 | 0759 | 499 | 0648 | 0739 | 141

“Reference value obtained from soil cores
® Nuclear moisture and density gauge

¢ Percent difference between NMDG and reference, with reference taken as benchmark measure
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Fig. 5 Relationship between reference and NMDG soil dry bulk
density according to measurement depth

seemed to underestimate dry bulk density at depths
located below the layer of organic mixture. Converse-
ly, the NMDG tended to overestimate dry bulk den-
sity within the layer of organic mixture. Agreement
between NMDG and soil cores was improved when
the entire sandbox (040 cm layer) was subjected to
organic matter mixtures. In this instance, variations in
NMDG dry bulk density ranged from an underestima-
tion of 2.1% to an overestimation of 14.7% as com-
pared to soil cores

For an all-inclusive analysis, a single regression
between soil dry bulk density obtained from the
NMDG and reference was calculated for the entire da-
taset (128 measurements) and provided a decent
agreement (R*=0.61, Fig. 5). However, when looking at
the results from their respective measurement depths,
most of the high deviations were linked to 10, 20 and
30 cm depths. The higher underestimations of dry
bulk density by the NMDG as compared to the stan-
dard reference were not observed for the 5 cm mea-
surements.
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3.2 Influence of Organic Matter Content on Soil
Moisture Measurements

Aside from a few occasions, the NMDG tended to
overestimate soil moisture content when compared to
the reference, whereas the theta probe was more prone
to a slight underestimation (Fig. 6). Regardless of the
amount of organic material added, the NMDG pro-
vided more accurate results (closer to reference values)
when the depth of the measurement did not exceed
the thickness of the organic matter content layer mix-
ture. Highest overestimations were detected when the
NMDG assessed soil moisture content below the or-
ganic layer being tested. For example, when testing a
0-5 cm organic layer at 15% composition, the NMDG
provided high overestimations of soil moisture con-
tent at 10, 20 and 30 cm depths as compared to both
the theta probe and the reference. However, when a

E.R. Labelle and D. Jaeger

0-40 cm layer was tested (regardless of percentage of
organic matter), moisture measurements obtained by
the NMDG were in rather close agreement to the refer-
ence.

For ease of understanding, a relative difference in
soil moisture content was calculated, while using the
reference moisture as benchmark (Fig. 7). In this case,
the reference was set at 1 and any increase beyond 1
implied an overestimation and a decrease signaled an
underestimation of moisture content. In general, the
NMDG agreed well with the reference when the depth
of measurement equaled the thickness of the organic
layer. Beyond this thickness, up to a 10-fold increase in
soil moisture could be observed at the 30 cm measure-
ment depth for the 0-20 cm layer at 15% organics. The
most stable results were observed for the 040 cm lay-
er, regardless of the amount of organic matter content.
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Fig. 6 Influence of organic matter content (presented on the right of the figure) and thickness of layer on average soil moisture content
measured with NMDG, theta probe and reference (soil cores) at 5, 10, 20 and 30 cm depths
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Fig. 7 Influence of organic matter content (presented on the right of the figure) and thickness of layer on the relative difference in soil mois-
ture content for the NMDG and theta probe as compared to the benchmark obtained from the reference (soil cores)

3.3 Correction Factor

The moisture readings of the NMDG directly im-
pact the internally calculated dry bulk density of the
material. For this reason, it is necessary to obtain a
good understanding of the accuracy of the devices
used to measure both wet bulk density and moisture.
Since the NMDG tends to overestimate soil moisture,
a correction factor can be calculated and stored in the
gauge to automatically compute adjusted moisture
contents. This correction factor referred to as KVAL
can be applied to moisture measurements to account
for hydrogen in the material that is not water or hy-
drogen in water, e.g., membrane water, which is not
removed by normal oven-drying methods (Humboldt
Scientific 2012). If the moisture content obtained with
the NMDG is higher than that of the oven, then a neg-
ative KVAL is obtained (Humboldt Scientific 2012) as
per Equation 3.

% moisture (oven) — % moisture (NMDG)

% moisture (NMDG) +100

KVAL= ®)

The NMDG had a general tendency to overesti-
mate moisture contents compared to the actual oven-
dried results based on the sandbox experiment
(R*=0.59, Fig. 8). This is especially true at depths rang-
ing from 10 to 30 cm. When corrected values are ap-
plied to the initial NMDG moisture contents using
equation 3, the relationship between the corrected
NMDG and reference moisture content became very
strong (R’=0.82). Applying the correction factor great-
ly reduced the number of outliers and improved the
agreement between the two variables. The majority
(80%) of these outliers corresponded to measurements
recorded at lower depths (20 or 30 cm). An individual
correction factor was applied to all scenarios analyzed
in the sandbox experiment. The results indicate that
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Fig. 8 Agreement between NMDG uncorrected and corrected mois-
ture contents (KVAL) and reference moisture content (soil cores)

applying a correction value to moisture content read-
ings for the 10, 20, and 30 cm depths of soil greatly
improved the accuracy of the NMDG, in particular at
lower depths e.g., 20 and 30 cm. Soil dry bulk density
is calculated based on the wet bulk density and mois-
ture content of the soil; therefore, the correction factor
applied to the moisture readings will also influence
the wet and dry bulk densities obtained from the
NMDG. Any soil water content reduction when ap-
plying a correction factor results in an increase of soil
wet and dry bulk densities.

4. Discussion

As illustrated in the results section and supported
by the studies conducted by Wood et al. (2004), Labelle
and Jaeger (2011) and Labelle et al. (2019), soil bulk
density obtained with a NMDG in a forestry context
is a promising technique. However, using this device
has certain disadvantages and limitations. NMDGs
require nuclear safety training, expose the user to
nuclear radiation and can be expensive to purchase
(approx. 15 000 EUR), which could explain in part why
their use within a forestry context remains rather lim-
ited as compared to soil cores. When considering soil
bulk density measurements of mechanized forest op-
erations, one of the most important limitation is the
influence of soil consolidation and soil displacement
within the study area between pre- and post-harvest
readings. Since NMDGs record layer density instead

of point density, compaction and rutting caused by the
equipment can affect post-harvest readings by assess-
ing material from a lower soil depth compared to ini-
tial pre-harvest readings. Since soil bulk density tends
to increase with depth, vertical variation of density
and moisture readings (position of NMDG on soil sur-
face) could bias the true rate of compaction.

NMDGs record layer density unlike a soil core
sampler, which records point density. Even though
the source rod could be adjusted at different depth
intervals, the NMDG does not compute specific point
densities. This is due to the backscatter of gamma ra-
diation, where 95% of the reading is influenced by the
soil located above the source, and the remaining 5%
comes from below the source (Parsons 1992). For ex-
ample, if the source rod is lowered to Z3, the density
computed by the NMDG will be composed of 95% of
the material located above Z3 (P1 to P3) and 5% will
be of the material lower than Z3 (Fig. 9). Since density
of naturally developed soils increases with depth, den-
sities assessed in lower horizons by the NMDG are
somewhat underestimated since they are influenced
by the density of the material above them.

The strong correlation between results obtained
from the theta probe soil moisture sensor and those
from the reference (soil cores) make this instrument a
robust cross-referencing alternative at shallow depths
(0—6 cm). In field applications, a theta probe could also
be used at lower depths, i.e. 10, 20, and 30 cm but would
require excavation, thus disturbing the study area.

NMDGs have been used for many decades in various
industrial settings. They were first developed for quality
control of sub-grade and base material compaction
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3| = 2
P - <+ Z
p5 ’
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Fig. 9 Nuclear moisture-density gauge operation showing point
density (Z) and layer density (P) depths (Adapted from Winter and
Clarke 2002)
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during road construction (Randrup and Lichter 2001).
There are fundamental differences (organic matter con-
tent, roots, higher water content, etc.) in materials
found in a forest floor compared to the ones used in
road construction. Regardless of their extensive use in
industry, the use of nuclear gauges in forested soils has
not been thoroughly studied. Wood et al. (2004) com-
pared three different sampling techniques of forest
soils but put forth few explanations with regard to
moisture content readings provided by the Humboldt
5001EZ nuclear density gauge, the same model as used
in this study.

Results obtained in our case study showed that the
NMDG overestimated soil water content when this
parameter varied suddenly within a soil profile (Fig.
4a). An abrupt change in soil water content is often as-
sociated with a change in the amount of organic matter
present due to its water holding capacity. The method
readily available to correct such overestimations of the
water content was to apply a correction factor to den-
sity and moisture readings obtained with the NMDG.
Applying such a correction factor increased the accu-
racy of the nuclear gauge by 10 to 15% for 10 to 30 cm
depths compared to the reference (oven-drying). An-
other work procedure that can be applied in the field
is to remove the upper organic layer prior to setting the
NMDG, thereby creating a small pad directly on min-
eral soil where the bottom of the NMDG can rest.

5. Conclusions

The NMDG tested was not particularly sensitive to
the amount of organic matter present in the soil but
rather to where the organic layer was located in refer-
ence to the measurement point. This finding is espe-
cially important for forest soils where higher amounts
of organic content are often present in the upper hori-
zon. When using NMDG in layered soils, special at-
tention should be given to correcting the data obtained
by NMDG with the use of reference samples collected
from the same test site. The use of the correction value
(KVAL) greatly improved the accuracy of moisture
and density results obtained by the NMDG and should
be considered in future studies. Despite this shortfall,
NMDGs continue to show promise as a non-destruc-
tive in-situ soil moisture and density assessment tool
within a forestry context.

Based on the findings of this study:

= it is recommended to remove the organic top
layer before assessing soil bulk density and soil
moisture by a NMDG when used within a forest
setting

= rather than relying on the absolute values, the
NMDG is definitely a useful device for relative
comparison of the effects of different treatments.
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