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Highlights: 
· The factory-supplied calibration equations of commercially available soil moisture sensors cannot be directly used to accurately estimate the water content of either sawdust or tree stem segments.
· TDR310S was the best sensor forat estimating the water content of sawdust and TEROS 12 was the best sensor forat estimating the volumetric water content of stems.
· To measure sawdust and stem water content using other sensors, the accuracy of the measurements was significantly improved using the species-specific equations derived in this study.
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Abstract: 
Aims. Electromagnetic sensors are widely used to measure the water content of soil. The aim of the study was to determine whether soil moisture sensors can be used to reliably measure the water content of tree stems and sawdust with the factory-supplied soil calibration equations or require specific calibration.
Methods. Nine commercially-available soil sensors were calibrated to measure the water content of sawdust of three tree species packed to three bulk densities in the laboratory. Five of the soil moisture sensors were calibrated to measure the water content of stem segments of five tree species.
Results. The calibration equations for sensors measuring water content of the stem segments and sawdust differed significantly from the factory-supplied soil calibration equations. While one sensor (TLO) gave approximate sawdust water contents and one sensor (TEROS 10) approximate water contents of tree stems with their factory-supplied calibration equations, all sensors required calibration in both sawdust and tree stems to accurately measure their water content; the calibrations derived are reported along with their accuracy. The combined equation for the relationship between measured and estimated water content gave acceptable estimates of the water content for all five species of tree stems and three species of sawdust.
Conclusions. Factory-supplied soil calibrations of soil moisture sensors are not sufficiently accurate for measuring the water content in tree stems and sawdust. The equations derived in this study provide a more accurate estimate of tree stem and sawdust water contents. The combined equations for the water content of wood tree stems and of sawdust provide a way to use the soil sensors for the measurement of the water content of tree stems and sawdust without calibration for each wood tree species.
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Introduction
Tree stems transport water and nutrients from the soil to the leaves and act as a water “reservoir” to maintain transpiration when demand is high (Borcher 1994; Bovard et al. 2005; Carrasco et al. 2015; Goulden and Field 1994; Goldstein et al. 1998; Meinzer et al. 2003; Scholz et al. 2008; Turner and Waggoner 1971; Yan et al. 2020). Accurate determination of the water content of stems of living trees is important for the study of leaf hydration, transpiration, stem water storage and hence photosynthesis and growth. For logs destined for sawn timber for construction and furniture, it is important to know the water content of the sawn log (θwood) to help protect the wood logs or products from rot and insect damage (Schimleck et al. 2011) and control the rate of log drying to minimize splitting and maintain the quality of the timber. It is also critical for developing appropriate irrigation management measures to increase tree productivity, as well as improving plant resistance to drought stress (Fei et al. 2017; Malavasi et al. 2016; Vergeynst et al. 2014). Sawdust usually refers to waste in the wood industry, but it can be used as an absorbent for wastewater treatment, as a fungal medium, and as a fuel for combustion. Kandala et al. (2016) found that the water content of sawdust used for energy production should be kept moderate and uniform. During combustion, sawdust with higher water content consumes additional energy to evaporate the water contained. Further, if the water content of sawdust is not uniform, it can lead to incomplete combustion, resulting in the production of unsafe carbon monoxide and other harmful gases. Therefore, accurate measurement of sawdust water content plays an important role in the full utilization of energy.
There are several methods for determining the water content of tree stems or sawdust, including oven drying and weighing, electronic resistance-based meters, gamma-ray attenuation, x-ray computer tomography, nuclear magnetic resonance imaging, ultrasonic detection, and heat tracer methods, but many are slow and, require bulky and expensive equipment that is difficult to calibrate (He et al. 2021a,b; Rodríguez-Pérez et al. 2018; Santos et al. 2007; White 2012; Zhang et al. 2023). Soil moisture sensors that utilize electromagnetic (EM) technology to measure the water content of soil have been commercially developed to quickly and repeatedly measure the soil water content at field sites and can be automated for long-term monitoring of the dynamic changes in water content (He et al. 2021b; White 2012). Vaz et al. (2013) evaluated the performance of eight EM soil sensors and found inconsistencies between the actual soil water contents measured by weighing and the values using the sensors and factory-supplied calibration equations (FSCE), indicating that it is necessary to calibrate EM sensors for the specific soil type before application in field measurements of soil water content.  
[bookmark: _Hlk174998034]Soil moisture sensors have also been used to measure the water content of stems from vines to shrubs to trees (Clark et al. 2022; Coskun and Konukcu 2014; Matheny et al. 2015), from roots to trunks to branches to canopies (Burke et al. 2005; Green and Clothier 1995; Matheny et al. 2015;  Nadler et al. 2006), and in tropical to temperate to Arctic environments (Clark et al. 2022; Fang 2017; Green et al. 2003). However, the majority of authors did not calibrate the EM sensors used, but assumed that the FSCE calibration supplied by the manufacturer applies to wood and sawdust (Kumagai et al. 2009). As far as we are aware no studies have attempted to evaluate the performance of the various commercially-available soil EM sensors for the measurement of tree stems, logs or sawdust using the FSCE, but we assume that they are more likely to require calibration for use with wood segments and sawdust than for soil. As plant tissues differ from soil matrixes, it is not surprising that the use of the soil FSCE may give erroneous estimates of the water content of wood as either tree stems/logs or sawdust (He and Dyck 2013; He et al. 2016; He et al. 2021b; Irvine and Grace 1997 ). As it is easier to measure the water content of sawdust compared to tree stems, there is the question whether calibrating the soil sensor for the water content of sawdust (θsawdust) can be used to accurately measure the water content of stem segments (θstem), or whether different calibration curves are required for sawdust and stem segments. Finally, the commercially-available EM soil sensors vary in design in relation to sensor needle length that may restrict their applicability for measuring sawdust, tree stem segments, or logs.
Therefore, the objectives of this study were (1) to evaluate the performance of nine commercially-available EM soil moisture sensors to measure θsawdust of poplar, fir, and pine at eight water contents and three bulk densities; (2) to evaluate the performance of five of the nine sensors that are easily inserted into a stem segment to measure θstem of segmented treewood stems of poplar, willow, walnut, locust, and ailanthus species during drying and wetting cycles; (3) to determine whether the soil sensors can be used to measure θsawdust and/or θstem using their factory-supplied soil calibration equations; (4) to establish sensor-specific and wood specific calibration curves to better estimate θsawdust and θstem; and (5) to determine whether sawdust can be used to calibrate the water content of stem segments of trees or logs.
Materials and methods
Frequency Domain Reflectometry (FDR) and Time Domain Reflectometry (TDR) are often used to measure the water content of porous material such as soils and tree stems (He et al. 2021a, b; He et al. 2023). The TDR method determines the velocity of electromagnetic wave propagation and reflection in materials like soil or wood. The wave travel time correlates with the material's dielectric permittivity, which is mainly influenced by water content (Daian et al. 2006; Ferrarezi et al. 2020; Maï et al. 2015; Murillo et al. 2008; Paltineanu and Starr 1997). FDR relies on the electrical capacitance of a capacitor in the material affected by water content detecting changes through circuit frequency adjustments (He et al. 2021b). TLO is based on the multi-vibrator's oscillation frequency depending on the material’s dielectric constant that in turn depends on the water content in the soil or wood. The key differences lie in their wave propagation: TDR uses broadband waves, FDR operates at 20-300 MHz, and TLO operates at ranges from 600-1500 Hz. Lower frequency sensors are cost-effective and energy-efficient, but more vulnerable to temperature, salinity, electrical conductivity, and soil texture influences (Blonquist et al. 2005; He et al. 2021b; Kizito et al. 2008; Zhu et al. 2019).
In this study nine different commercially-available EM sensors were first used to test their suitability and ease of use for measuring the water content of tree stems and sawdust and tree stems. Six of the sensors were based on the FDR technique, two on the TDR technique, and another one on the Transmission Line Oscillation (TLO) technique (Table 1). All nine sensors were used to measure the water content of sawdust (Experiment 1) and five of the sensors that were readily inserted into tree stems were used to measure the water content of tree stem segments (Experiment 2).
[bookmark: _Ref99632083]Sensor description
Nine EM sensors from various manufacturers were assessed in the laboratory (Figure 1Figure 1 and Table 1Table 1). These sensors were wired to a datalogger (CR1000, Campbell Scientific, Logan, UT) that was controlled by a LoggerNet 4.5 (Campbell Scientific, Logan, UT) to collect the data. The nine sensors used in Experiment 1 [FDR types: EC-5, 10HS, TEROS 10, TEROS 12, Hydra Probe, Theta Probe ML2X; TDR types: TDR310S, TDR315L; and TLO type; CS615 (Table 1)], while in Experiment 2 only five (TEROS 10, TEROS 12, Hydra Probe, Theta Probe ML2X, TDR310S) that were able to be inserted relatively easily into tree stems were used . The sensors in Experiment 2, used with a special datalogger rather than Campbell series dataloggers, were programmed based on information in the manuals supplied by the manufacturers, or by using the Short Cut Program Generator (SCWin) 4.0 or other Campbell Scientific example programs (https://s.campbellsci.com/documents/ca/manuals/hydraprobe_man.pdf). Four of the nine sensors in Table 1 and two of the five sensors used in Experiment 2 had factory-supplied calibration equations (FSCE) for estimating the soil water content: the manufacturer of the Teros 10 sensor supplied a non-soil calibration curve, that we used, as well as a soil calibration equation, while for the Theta Probe we used a colleague’s program, which includes a calibration formula for soil. For the 10HS and CS615 sensors, we used the Shorcut module in the CR1000 loggernet software to automatically derive a calibration curve for soil, along with the default moisture content correction formula included in the program. The output voltage (Fernández et al. 2008) was measured for the TEROS 10, 10HS, and Theta Probe calibration, while the output time (μs) was measured for the TLO calibration. Both TDR310S and TDR315L measure the reflection of the electromagnetic wave to estimate the water content. The measured moisture output was used to calibrate the Hydra Probe, TEROS 12, and the initial value of the half-bridge output was measured for the EC-5 calibration.
We first established the relationship between the water content of sawdust and sensor output for three tree species at three different bulk densities and eight different water contents for each of the nine soil sensors (Experiment 1) and then compared the sawdust water content estimated from the individual calibrations compared to that using the FSCE for soil, where supplied or derived. Similarly, the relationship between the water content of tree segments and sensor output of five tree species over a range of at least 10 water contents for each of the five soil sensors (Experiment 2) and then compared the stem water content estimated from the individual calibrations compared to that using the FSCE for soil where supplied or derived. Finally, we assessed whether the generic calibration curve for the water content of sawdust can be used to measure the water content of tree stems and logs. 
Experiment 1: Measurement of sawdust water content 
Nine of the EM sensors were used to measure the water content of sawdust in nine batches of three tree species, packed to three different bulk densities and with eight different water contents (Table 2). All measurements were performed in a laboratory maintained at a temperature of 26 ±1 °C. Sawdust from poplar (Populus przewalskii Maxim.), fir (Wikstroemia angustifolia Hemsl), and pine (Pinus bungeana Zucc.) were purchased and oven dried at 80 °C for 72 h before being uniformly mixed with a prescribed volume of water in a sealed bag that was placed in a refrigerator at 4 °C to equilibrate for 24 h. Each sawdust was evenly packed in increments of 2 cm into a stainless-steel cup with an inner diameter of 7.1 cm and a height of 14.6 cm for each EM sensor except the TLO sensor. In the case of the TLO sensor, the sawdust was placed in a PVC column of 7.3 cm inner diameter and 14.6 cm height. Plastic film was used to seal the nine filled columns/cups, which were placed in a temperature-controlled water bath at 26 ℃ to prevent water loss during measurement. Multiple measurements were made on each sample. At the end of the experiment, the samples were oven dried until there was no further weight loss to determine the actual water content of each sample at the time of measurement. The calibrations obtained with the sawdust were 

[image: ]
[bookmark: _Ref145012321]Figure 1. Commercial EM sensors: (a) EC-5; (b) 10HS; (c) TEROS 10; (d) TEROS 12; (e) Hydra Probe; (f) Theta Probe; (g) TDR310S; (h) TDR315L; (i) CS615) showing the variation in probe number, thickness and length.
compared with the calibrations supplied with the soil sensor in the four sensors in which the calibration was supplied or derived.
Experiment 2: Measurement of stem water content
[bookmark: _Ref99633363]Five species of trees were used in Experiment 2: poplar (Populus euphratica Oliv.), willow (Salix matsudana Koidz.), walnut (Juglans regia L.), locust (Robinia pseudoacacia L.), and ailanthus (Ailanthus altissima (Mill.) Swingle). Three trees per species were cut down in November 2020 and 5 straight and round stem segments, each about 10-15 cm long, were cut from the trunks, brought back to the laboratory and stored in a cold room (temperature about 0 ℃) with water to prevent cracking. The diameter of the tree segments ranged from 6 to 13 cm. After stripping the bark from the stem, we secured it in a lathe and used a specialized extended drill bit matching the probe diameter to create holes in the stem.  The depth of the drilling matched the length of each sensor probe.  The TDR310S probe, being longer than the stem diameter, was inserted axially into the stem, whereas the other four FDR sensors were radially inserted.  Due to the small diameter of the poplar stems used in the experiment compared to the other tree species, the measuring probe  spanned across the sapwood to heartwood to sapwood of the poplar stem, in contrast to other tree species that spanned across only one half of the stem diameter, that is, from the sapwood to heartwood. In addition, we tried to choose relatively flat locations on the stem surface to insert the sensors, but since the stem is not a perfect cylinder, the needles of the Hydra and Theta sensors inserted horizontally may still have had a small portion exposed to the air. The bark of the tree segments was removed and the segments pre-drilled before inserting the EM sensors for water content measurement. The probes of the four FDR sensors were inserted radially, while the probes of the TDR310S were too long (greater than the tree diameter) to insert radially and were inserted axially into the stem segments. 
The measurements were conducted from December 2021 to March 2022. The five sensors were inserted in one of the segments of the five species that were placed in a storage box with deionized water added to submerge them, and stones were placed on top to prevent floating. After soaking for 48 h to approach saturation, the stems were weighed. Subsequently, the stems were dried for 1 h in an oven set at 80 ℃, then removed and allowed to reach room temperature. The probes were carefully inserted into the stems and the moisture content was measured with the soil probes after about 10 min when the output values were stable. The probes were then removed before weighing the stem segment. The stems were then returned to the oven for a further 1 h of drying before being removed and the water content again measured with the soil moisture probes before weighing at room temperature. The drying cycle continued until the water content of the stems ceased to change and the stems weight remained constant. If the drying process was completed at night, measurements were conducted the following morning, maintaining consistent oven heating times. The dry stem segments were then returned to the storage box for moistening to the initial water content. At time intervals of 0.5, 1, 2, 4, 8, 16, and 32 h during the wetting cycle, the stems were removed from the storage box to measure their weight and water content. The stems were then placed back in the box to continue the moistening process until the stems reached the initial water content at which point the drying process was repeated. A minimum of 10 water content levels for the five tree segments were measured (Table 2Table 2) and the cycle of drying and wetting was repeated 12 times. Drying was discontinued upon the discovery of tiny cracks in the stems and the stem segment rehydrated before drying again. At the end of these cycles of wetting and drying, one end of each tree segment was soaked in de-ionized water for 48 h to bring it close to full saturation and weighed. At the end of the experiment the repeated cycles of wetting and drying were used to establish the calibration equation: due to experimental errors, only one drying stage and one wetting stage of three drying-wetting cycles were obtained for the TDR310S measurements of the willow stem segment. Finally, the tree segments were dried to constant dry weight and weighed to determine the bulk density (Table 2). 
The calibrations obtained with the stem segments were compared with the calibrations supplied with the soil sensor in the two species where the calibrations were supplied or derived for the other three species. The calibrations obtained for stem segments were compared with those for sawdust for individual species and for the combined species of stems and the combined species of sawdust.
  

[bookmark: _Ref121090406]Table 1. Number, diameter, length and shape of probes for each electromagnetic sensor, together with the factory-supplied calibration equation (FTSE) for soil, where supplied, time required to record the signal, and the experiment(s) in which the sensors were used. FDR = Frequency domain reflectometry; TDR = Time domain reﬂectometry; TLO = Transmission line oscillation.
	Sensor
	Manufacturer
	Measuring technique
	Probe number
	Probe dimension (mm)
	Probe length (mm)
	Probe shape
	Factory-supplied calibration equation or derived
	Time required for signal recording
	Inclusion in experiments

	EC-5
	Meter Group Inc, USA
	FDR
	2
	Width 2.25
Thickness 1.7
	56
	Plate
	
	1s
	1

	10HS
	Meter Group Inc, USA
	FDR
	2
	Width 10
Thickness 1.63
	100
	Plate
	θsoil=5.84×10-7V2-2.01×10-4V-0.00582
	1s
	1

	TEROS 10
	Meter Group Inc, USA
	FDR
	2
	3.16
	54
	Needle
	θsoil=5.439×10-10V3-2.731×10-6V2 +4.868×10-3V -2.683
	1s
	1 and 2

	TEROS 12
	Meter Group Inc, USA
	FDR
	3
	3.16
	54
	Needle
	
	5s
	1 and 2

	Hydra probe
	Steven Inc, USA
	FDR
	4
	4
	58
	Needle
	
	2s
	1 and 2

	Theta probe ML2X
	Delta-T Devices Inc, England
	FDR
	4
	3.2
	60
	Needle
	θsoil=5.3643×10-10V3-6.9877×10-7V2+7.21×10-4V-0.051853
	6s
	1 and 2

	TDR310S
	Acclima Inc, USA
	TDR
	3
	3.5
	100
	Needle
	
	1s
	1 and 2

	TDR315L
	Acclima Inc, USA
	TDR
	3
	3.5
	145
	Needle
	
	1s
	1

	CS615
	Campbell Scientific Inc, USA
	TLO
	2
	3.2
	300
	Needle
	θsoil=0.355t2+0.037t-0.187
	1s
	1



[bookmark: _Ref120307332]Table 2. The eight prescribed water contents and three bulk densities of sawdust of the three tree species studied in Experiment 1 and range of water contents and five bulk densities of stem segments of the five tree species studied in Experiment 2.
	Experiment
	Tree species of sawdust
	Bulk density (g cm-3)
	Prescribed water content (cm3 cm-3)

	
	
	
	1
	2
	3
	4
	5
	6
	7
	8

	                 Experiment 1
	Poplar
	0.160
	0.000
	0.064
	0.128
	0.192
	0.256
	0.320
	0.384
	0.448

	
	
	0.200
	0.000
	0.080
	0.160
	0.240
	0.320
	0.40
	0.480
	0.560

	
	
	0.250
	0.000
	0.100
	0.200
	0.300
	0.400
	0.500
	0.600
	0.700

	
	Fir
	0.120
	0.000
	0.048
	0.096
	0.144
	0.192
	0.240
	0.288
	0.336

	
	
	0.130
	0.000
	0.052
	0.104
	0.156
	0.208
	0.260
	0.312
	0.364

	
	
	0.140
	0.000
	0.056
	0.112
	0.168
	0.224
	0.280
	0.336
	0.392

	
	Pine
	0.200
	0.000
	0.080
	0.160
	0.240
	0.320
	0.400
	0.480
	0.560

	
	
	0.225
	0.000
	0.090
	0.180
	0.270
	0.360
	0.450
	0.540
	0.630

	
	
	0.250
	0.000
	0.100
	0.200
	0.300
	0.400
	0.500
	0.600
	0.700

	            Experiment 2
	Poplar
	Bulk densities: 0.943, 0.900, 0.980, 0.944, 0.946 g cm-3; water contents: 0 to 0.365 cm3 cm-3

	
	Willow
	Bulk densities: 0.714, 0.592, 0.791, 0.764, 0.563 g cm-3; water contents: 0 to 0.367 cm3 cm-3

	
	Walnut
	Bulk densities: 0.608, 0.614, 0.554, 0.570, 0.534 g cm-3; water contents: 0 to 0.408 cm3 cm-3

	
	Locust
	Bulk densities: 0.879, 0.930, 0.910, 0.837, 0.787 g cm-3; water contents: 0 to 0.300 cm3 cm-3

	
	Ailanthus
	Bulk densities: 0.564, 0.558, 0.536, 0.577, 0.535 g cm-3; water contents: 0 to 0.495 cm3 cm-3


[bookmark: _Toc104624570][bookmark: _Ref99280695][bookmark: _Ref99280692][bookmark: _Ref99280680]
Data recording and processing 
For each of the water content levels during the wetting and drying cycles, a minimum of 50 consecutively-recorded sensor output signals (that is, 50 repeat measurements) were recorded for analysis. The mean value of the data was calculated by:

	 					(1)
where xi is the sensor output.	

The bulk density (ρb) of the sawdust and tree segments was calculated by:	 

 						(2)
where the bulk density of sawdust in g cm-3 was obtained from mwood, the mass of dry sawdust or stem segment (g), and V , the volume of the container or stem segment (cm3).
The volumetric water content (θv) of sawdust and tree segment was calculated by: 

 						(3)
where m0 is the total weight (g) of the cup and sawdust sample or tree segment at the time of measurement, md is the total weight (g) of the cup and sawdust or tree segment after drying, and V is the volume of the container or tree segment (cm3).
To evaluate sensor performance, two commonly used performance measures, root-mean-square-error and adjusted R-squared, and a correlation diagram were used to assess sensor's capacity to determine actual water content and to indicate the consistency or reproducibility of achieving the same result. 
Root-mean-square-error (RMSE) was calculated by:

                                                          (4)
where, n is the number of water content measurements, i is the measured actual volumetric water content,    is the predicted volumetric water content. RMSE was used as a measure of probe accuracy. The measurements were categorized as good (RMSE ≤ 0.01 cm3 cm−3), fair (0.01 cm3 cm−3 ≤ RMSE ≤ 0.05 cm3 cm−3), poor (0.05 cm3 cm−3 ≤ RMSE ≤ 0.10 cm3 cm−3), and very poor (RMSE ≥ 0.10 cm3 cm −3) (Fares et al. 2011; Ferrarezi et al. 2020).
The R-Squared (R2) was calculated by:

	 					(5)

Where  is the average measured actual volumetric water content. 
The Adjusted-R2 was calculated by:

  				(6)
where k is the number of variables or parameters used in the calibration equation to estimate water content. The closer the Adjusted-R2 is to 1, the better the model quality and the higher the reliability.
All the fitted calibrations were made with Origin 2021 ‘Rank Model’, and Fitting functions ExpDec1, ExpDec2, ExpDec3, DoseResp, Logarithm, Cubic, Power, Boltzmann, GaussAmp were fitted to the results, and the best model (with the highest Adjusted-R2) was chosen as the most appropriate equation.
Results
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Experiment 1: Evaluation of nine commercial soil moisture sensors for the determination of the water content of sawdust. 
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK3][bookmark: OLE_LINK4]The nine different sensors calibrated using sawdust of the three species at the various bulk densities, a wide range of values of water content and multiple runs provided reasonably consistent measurements of θsawdust, (Figure 2(a), Table 3, Figs. S1-S4). Based on the values of the three species of sawdust individually, the TDR310S had the best fit (Table 3Table 3, Adjusted-R2 = 0.99, 0.97, 0.98, RMSE = 0.024, 0.020, 0.030 cm3 cm-3 in poplar, fir, pine, respectively), followed by the Theta Probe (Table 3Table 3, Adjusted-R2 = 0.98, 0.98, 0.98, RMSE = 0.028, 0.019, 0.035 cm3 cm-3 in poplar, fir, pine, respectively), TLO (Table 3, Adjusted-R2 = 0.96, 0.98, 0.99, RMSE = 0.040, 0.018, 0.024 cm3 cm-3 in poplar, fir, pine, respectively) and TDR315L (Adjusted-R2 = 0.98, 0.94, 0.99, RMSE = 0.030, 0.031, 0.021 cm3 cm-3 in poplar, fir, pine, respectively). Compared with TEROS10, TEROS 12 and the Hydra Probe, the longer sensor probe of TDR310S and TDR315L enabled measurement of the water content of the sawdust in the container over a larger volume, which may be one of the reasons for their more accurate measurement of water content. The error of the Theta Probe in determining the volumetric moisture content of sawdust varied from ± 0.019 to ±0.035 cm3 cm-3 (Table 3 and Figs. S1-S4). After the current series of measurements, the TLO was the best sensor for the measurement of the volumetric water content of fir sawdust with a bulk density of 0.14, 0.13, and 0.12 g cm-3: the error of TLO in determining the volumetric moisture content of sawdust varied from ± 0.018 to ± 0.040 cm3 cm-3 in fir and poplar, respectively (Table 3 and Figs. S1-S4). The observation that among the nine commercial EM soil moisture sensors tested the TDR310S was the most accurate sensor for the measurement of sawdust agrees with Ferrarezi et al. (2020) who evaluated the performance of 12 commercial EM soil moisture sensors for determining water content in sandy Florida soils and found that TDR310S was the sensor with the smallest error.
	The best-fit equations for the sawdust varied from various exponential equations to Gaussian and polynomial. For the EC-5,θsawdust was estimated better using an exponential function than the linear model established by Kodesova et al. (2011) to measure the soil water content, and the error in estimating θsawdust ranged from ± 0.029 to 0.050 cm3·cm-3 (Table 3 and Figs. S1-S4). The best-fit curve of the 10HS was a Gaussian Amp fit or ExpDec1 fit with the 10HS sessor being insensitive to changes in water content above 0.4 cm3 cm-3and the error in determining the θsawdust varied from ± 0.021 to 0.086 cm3 cm-3 (Table 3 and Figs. S1-S4). This agrees with the results of Mittelbach et al. (2011). The polynomial fit of the TEROS 10 was better than that of the linear, exponential and logarithmic fits, which is consistent with the results of Chen et al. (2019). The error of TEROS 10 in determining the θsawdust varied from ± 0.031 to 0.041 cm3 cm-3 (Table 3 and Figs. S1-S4). For the TEROS 12 we found that the polynomial equation in Table 3 had the best fit for θsawdust (Table 3 and Figs. S1-S4); the calibration equation is similar to the result for soil of Son et al. (2017). The current calibration of the Hydra Probe to estimate the water content of the sawdust varied from ± 0.038 to 0.052 cm3 cm-3 (Table 3 and Figs. S1-S4). As FDR sensors are affected by the bulk density of the sawdust, the calibrations of poplar and fir sawdust using the TEROS 12, TEROS 10 and Hydra Probe were less accurate at low bulk density than those at high bulk density. The TDR315L was the best sensor to determine the θsawdust of pine at bulk densities of 0.20 g cm-3, 0.22 g cm-3 and 0.25 g cm-3 with errors from ± 0.021 to 0.034 cm3 cm-3 (Table 3 and Figs. S1-S4). As Gharinia et al. (2022) showed, the calibration equation to estimate the water content of pine chips using a homemade FDR was not very accurate when the bulk density was 0.18 g cm-3. 


[image: ]
[bookmark: _Ref145015029]Figure 2. Comparison of estimated and measured water content of sawdust (θsawdust) of three tree species, poplar, fir and pine, using: (a) the fitted calibration equations (Table 3) and (b) the factory-supplied calibration equation (FSCE) or derived equation when not supplied (Derived) for soil water content, see Table 3. Experiment 1.
Table 3. The best-fit equations between the sensor output and the volumetric water content of sawdust (θsawdust) of poplar, fir and pine for nine electromagnetic pulse soil moisture sensors determined in Experiment 1. The relationship between the sensor output and volumetric water content of soil (θsoil) provided by the manufacturer (FSCE) or derived is also given. The Adjusted R-squared (Adjusted-R2) and root-mean-square error (RMSE) for each equation is given. Experiment 1.
	Sensor
	Calibration equation
	Species sawdust
	Best-fit equation for volumetric water content of sawdust (θsawdust)
	Adjusted-R2
	RMSE
	P-value

	EC-5
	Current
	Poplar
	θsawdust =0.57522ex/0.53084-0.47891
	0.95
	0.047
	1.88×10-14

	
	Current
	Fir
	θsawdust =-13.1217x3+3.08091x2+1.48183x+0.11428
	0.93
	0.029
	1.25×10-12

	
	current
	Pine
	θsawdust =0.19154ex/0.23716-0.10805
	0.96
	0.044
	1.03×10-15

	
	Current
	All
	θsawdust =0.50373ex/0.47646-0.39335
	0.93
	0.050
	3×10-41

	
	Derived
	All
	
	-0.69
	0.173
	

	10HS
	Current
	Poplar
	θsawdust =0.03072eV /224.504023-0.17085
	0.95
	0.046
	1.39×10-14

	
	Current
	Fir
	θsawdust =-0.63132e(-0.5((V-265.81504)/358.70022)^2)+0.61827
	0.97
	0.021
	2.88×10-16

	
	Current
	Pine
	θsawdust =6.26426×10-9V3-1.3771×10-5V2+0.00744V-1.5934
	0.98
	0.029
	0

	
	Current
	All
	θsawdust =-0.64613e(-0.5(V -278.31663)/303.00226)^2)+0.608
	0.80 
	0.086
	2.60×10-24

	
	FSCE
	All
	θsawdust =5.84×10-7V2-2.01×10-4V-0.00582
	-5.39
	0.235
	

	TEROS 10
	Current
	Poplar
	θsawdust =8.85531×10-10V3-4.45921×10-6V2+0.00784V-4.431474
	0.98
	0.031
	0

	
	Current
	Fir
	θsawdust =-12.27562e -V/310.68184+0.43413
	0.89
	0.041
	5.12×10-11

	
	Current
	Pine
	θsawdust =5.793×10-10V3-2.76953×10-6V2+0.00489V-2.7327 
	0.97
	0.038
	7.77×10-16

	
	Current
	All
	θsawdust =7.72156×10-10V3-3.78322×10-6V2+0.00658V-3.61587
	0.96
	0.038
	0

	
	FSCE
	All
	θsawdust =5.439×10-10V3-2.731×10-6V2 +4.868×10-3V -2.683
	-0.17
	0.138
	

	TEROS 12
	Current
	Poplar
	θsawdust =14.3789×10-5θi3-0.0126θi2+0.04692θi-0.10185
	0.98
	0.027
	0

	
	Current
	Fir
	θsawdust =-0.85861e-θi/13.61647+0.74346
	0.90
	0.040
	2.61×10-11

	
	Current
	Pine
	θsawdust =2.12029×10-5θi3-0.00173θi2+0.05664θi-0.12105
	0.97
	0.038
	5.55×10-16

	
	Current
	All
	θsawdust =2.12698×10-5θi3-0.00171θi2+0.05449θi-0.10281
	0.95
	0.042
	0

	
	Derived
	All
	
	-2.73
	0.190
	

	Theta Probe
	Current
	Poplar
	θsawdust =1.27416×10-9V3-2.38663×10-6V2+0.00219V-0.25367
	0.98
	0.025
	0

	
	Current
	Fir
	θsawdust =-0.5518/(1+e(x-223.39717)/71.02618)+0.42296
	0.98
	0.019
	9.67×10-22

	
	Current
	Pine
	θsawdust =-1.9742×10-9V3-3.34686×10-6V2+0.00265V-0.32756
	0.98
	0.035
	1.11×10-16

	
	Current
	All
	θsawdust=2.42786×10-9V3-4.1467×10-6V2+0.003V-0.34831
	0.97
	0.033
	0

	
	FSCE
	All
	θsawdust =5.3643×10-10V3-6.9877×10-7V2+7.21×10-4V-0.051853
	-2.30
	0.162
	

	Hydra Probe
	Current
	Poplar
	θsawdust =-3.08298θi3+19.66356θi2-42.29272θi+31.04896
	0.93
	0.052
	1.50×10-12

	
	Current
	Fir
	θsawdust =-35.14789θi3+245.24021θi2-570.85114θi+443.63813
	0.87
	0.042
	3.54×10-9

	
	Current
	Pine
	θsawdust =-1.99209θi3+13.20636θi2-29.84236θi+23.22419
	0.97
	0.038
	7.77×10-16

	
	Current
	All
	θsawdust =-4.18261θi3+27.02357θi2-58.5471θi+42.89106
	0.90
	0.061
	0

	
	Derived
	All
	
	-17891
	0.309
	

	TDR310S
	Current
	Poplar
	θsawdust =3.85082×10-5Ɛ3-0.00235Ɛ2+0.05935Ɛ-0.02903
	0.99
	0.024
	0

	
	Current
	Fir
	θsawdust =-0.55138e-Ɛ/5.42611+0.48538
	0.97
	0.020
	1.02×10-17

	
	Current
	Pine
	θsawdust =4.29768×10-5Ɛ3-0.00248Ɛ2+0.0603Ɛ-0.02915
	0.98
	0.030
	0

	
	Current
	All
	θsawdust =-0.30846e-Ɛ/3.19638-6208.14806e-Ɛ/407731.73444+6208.37998 
	0.98
	0.028
	1.18×10-55

	
	Derived
	All
	
	0.18
	0.126
	

	TDR315L
	Current
	Poplar
	θsawdust =3.3225×10-5Ɛ3-0.00234Ɛ2+0.06508Ɛ-0.09173
	0.98
	0.030
	0

	
	Current
	Fir
	θsawdust =-6.24839×10-4Ɛ3+0.00753Ɛ2+0.02873Ɛ-0.04016
	0.94
	0.031
	1.38×10-12

	
	Current
	Pine
	θsawdust =-4.63074×10-5Ɛ3+0.00254Ɛ2+0.0595Ɛ-0.06002
	0.99
	0.021
	0

	
	Current
	All
	θsawdust =4.72268×10-5Ɛ 3-0.00282Ɛ 2+0.06685Ɛ-0.07654
	0.97
	0.034
	0

	
	Derived
	All
	
	0.00
	0.135
	

	TLO
	Current
	Poplar
	θsawdust =1.59417t3-5.71505t2+7.42137t-2.98479
	0.96
	0.040
	1.84×10-14

	
	Current
	Fir
	θsawdust =13.85562t3-39.15939t2+37.84641t-12.17849
	0.98
	0.018
	0

	
	Current
	Pine
	θsawdust =0.84695t3-3.14083t2+4.55922t-2.00041
	0.99
	0.024
	0

	
	Current
	All
	θsawdust =2.02052t3-7.23781t2+9.14148t-3.60621
	0.96
	0.039
	0

	
	FSCE
	All
	θsawdust =0.355t2+0.037t-0.187
	0.73
	0.093
	



[bookmark: _Ref145018492]
[bookmark: _Hlk190088334]Experiment 2: Evaluation of five commercial soil moisture sensors to determine the water content of stem segments.
[bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK26][bookmark: OLE_LINK27]Table 4 demonstrates that TEROS 12 gave the closest estimates of θstem with the calibration equation developed in Experiment 2 (Table 4, Fig. S6, Adjusted-R2 = 0.97, 0.95, 0.96, 0.98, 0.97, RMSE=0.016, 0.031, 0.022, 0.013, 0.020 cm3 cm-3 in poplar, willow, walnut, locust, ailanthus, respectively), while TDR310S gave the poorest estimates of θstem (Table 4, Fig. S9, Adjusted-R2 =0.73, 70, 0.93, 0.60, 0.92, RMSE=0.031, 0.055, 0.021, 0.035, 0.023 cm3 cm-3 in the five species, respectively). However, TEROS 10 provided good estimates of θstem with the current calibration equation of four of the five species (poplar, willow, walnut, and ailanthus (Adjusted-R2 ≥ 0.97), but not locust (Adjusted-R2 = 0.89). The Hydra Probe was good at determining the θstem of three of the five species [Adjusted-R2 > 0.90, Table 4, Figs. S7 (a), (c), (d), (e)], with the exception of willow and walnut (Adjusted-R2 = 0.85 and 0.82, RMSE = 0.022 and 0.024 cm3 cm-3, respectively, [Table 4, Fig. S7 (b), (c)]. The best calibration equation with the Hydra Probe was obtained in locust [Adjusted-R2 = 0.96, RMSE = 0.008 cm3 cm-3, Table 4, Fig. S7 (d)]. Along with Beedlow et al. (2007), who calibrated the θstem of Douglas fir stems with the Theta Probe, this study established a relationship between voltage and θstem. The best current calibration equation for the Theta Probe was for poplar [Adjusted-R2 = 0.95, RMSE = 0.025 cm3 cm-3, Table 4, Fig. S8 (a)]. The Theta Probe did not give as good an estimate of θstem for willow, walnut, and ailanthus [Adjusted-R2 = 0.85, 0.84, 0.86, respectively, Table 4, Fig. S8 (b), (c), (e)], while the worst was for walnut [Adjusted-R2 = 0.84, RMSE= 0.047 cm3 cm-3, Table 4, Fig. S8 (c)]. It is noteworthy that both the Hydra probe and Theta ML2X probe have four needles that are non-collinear, which makes it difficult to accurately drill the four holes so that the probes are inserted correctly. The goodness-of-fit of the contact between the probe needle and drilled stem may affect the sensor’s performance (Burke et al. 2005). In addition, incorrect insertion of the sensors can also induce air bubbles around the sensor probe that affect the results (He et al. 2021b; Malavasi et al. 2016; Nadler et al., 2003; Nagpal and Boersma 1973), due to the stem not being a regular flat surface, the exposed part of the needle (like Theta ML2X probe, Hydra Probe) in the air will also affect the accurate measurement of stem water content.. The long length of the needle (10 cm) of the TDR310S also makes insertion into the tree stem difficult especially in small diameter trees. Therefore, the TDR310S was inserted axially into the tree stem segment. The results of the TDR310S in determining θstem of the poplar, willow and locust stem segments were not very satisfactory compared to other sensors even after calibration [Adjusted-R2 = 0.73, 0.70, 0.60, respectively, Table 4, Fig. S9 (a), (b), (d)]. While certain scholars posit that the TDR310S is a TDR sensor with a larger sensing volume and heightened sensitivity to water content variations in the stem (Dalton and Van Genuchten 1986; He et al. 2015, 2018; Heimovaara 1993; Kelly et al. 1995; Topp et al. 1984), its long probe length presents challenges during insertion into the stem. Moreover, drilling may introduce minute amounts of air, thereby affecting the contact between the sensor and the stem, and sensors with long needles may be even more affected by the contact issue. During this experiment, the repeated insertion and removal procedures necessitated by the longer probe of the TDR310S may have resulted in borehole expansion. Furthermore, the water content of heartwood and sapwood significantly differs (Salas et al. 1994). Changes in water content may be more noticeable during radial insertion compared to axial insertion. However, further experimentation is necessary to validate this observation. For example, mimicking the structure of stem heartwood and sapwood by setting up two different moisture content media, using radial and axial insertion methods, and observing if the initial signals measured by both are the same within different moisture gradient ranges, or other methods.
Figure 3Figure 3 (b) and Figs. S5-S9 show that all five EM sensors cannot accurately measure θstem  of the five tree species using the supplied or derived soil calibrations, largely underestimating θstem (Fig. 3, Table 4). The TEROS 10 was the best sensor for determining θstem using the FSCE (Figs. 3, S5, Table 4), followed by the TDR310S (Figs. 3, S9, Table 4), whereas the TEROS 12 significantly overestimated θstem of willow and underestimated θstem of the other four species (Figs. 3, S6, Table 4). TDR310S could not distinguish θstem less than 0.05 cm3 cm-3 for poplar, willow and walnut, as well as the ability to identify changes in θstem of ailanthus when the water contents were between 0.10-0.20 cm3 cm-3 (Figs. 3, S9, Table 4). The Theta Probe performed better when the water content of the poplar, willow, and walnut stem segments were between 0.1-0.2 cm3 cm-3 (Figs. 3, S8, Table 4), whereas the Hydra Probe which did not respond to the change in water content in the stem segments (Figs. 3, S7, Table 4), as in the sawdust. The TEROS 10 and TEROS 12 are the best sensors for θstem measurements due to their low measurement error and ease of insertion into the tree stems.

Generalized calibration equations for stem water content.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]As the manufacturers of the soil sensors in many cases provide a single generalized calibration equation for a range of soil types (Tables 3 and 4), we also established the best-fit combined calibration curve for each of the sensors for the sawdust of the three species (Table 3) and for the stem segments of the five species (Table 4). Figure 4 shows the combined calibration curve for sawdust of the three species, poplar, fir and pine, and the combined calibration curve for the stem segments of the five species, poplar, willow, walnut, locust and ailanthus, for each of the five electromagnetic pulse soil moisture sensors, TEROS 10, TEROS 12, Hydra Probe, Theta Probe and TDR310S used in both Experiments 1 and 2. With values of Adjusted-R2 between 0.71 and 0.91 (except for 0.45 in the Hydro Probe) and values of RMSE between 0.035 and 0,089 (Table 4), the combined equations are not as good as the individual species’ calibrations, but are an acceptable compromise for four of the five tested soil moisture sensors, the Hydra Probe being the exception. Further, the combined equation for sawdust and the combined equation for the stems were reasonably similar in the TEROS 10 and TEROS 12 (Fig. 4) suggesting that calibration of these sensors with sawdust may provide moderately accurate measure of the θstem when inserted into tree stems. This is particularly true if the absolute water contents of the stemsare not as important as the changes in water content.


[image: ]
[bookmark: _Ref145019782]Figure 3. Comparison of estimated and measured water content of stem segments (θstem)  of five tree species, poplar, willow, walnut, locust, ailanthus, using: (a) the fitted calibration equations (Table 4) and (b) the factory-supplied calibration equation (FSCE) or derived equation when not supplied (Derived) for soil water content, see Table 4. Experiment 2.

[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Generalized calibration equations for stem water content.
As the manufacturers of the soil sensors in many cases provide a single generalized calibration equation for a range of soil types (Tables 3 and 4), we also established the best-fit combined calibration curve for each of the sensors for the sawdust of the three species (Table 3) and for the stem segments of the five species (Table 4). Figure 4 shows the combined calibration curve for sawdust of the three species, poplar, fir and pine, and the combined calibration curve for the stem segments of the five species, poplar, willow, walnut, locust and ailanthus, for each of the five electromagnetic pulse soil moisture sensors, TEROS 10, TEROS 12, Hydra Probe, Theta Probe and TDR310S used in both Experiments 1 and 2. With values of Adjusted-R2 between 0.71 and 0.91 (except for 0.45 in the Hydro Probe) and values of RMSE between 0.035 and 0,089 (Table 4), the combined equations are not as good as the individual species’ calibrations, but are an acceptable compromise for four of the five tested soil moisture sensors, the Hydra Probe being the exception. Further, the combined equation for sawdust and the combined equation for the stems were reasonably similar in the TEROS 10 and TEROS 12 (Fig. 4) suggesting that calibration of these sensors with sawdust may be a provide moderately accurate measure of the θstem when inserted into tree stems. This is particularly true if the absolute stem water contents of the wood are not as important as the changes in water content.

[bookmark: _Ref121084612]Table 4. The best-fit equations between the sensor output and the volumetric water content of stem segments of poplar, willow, walnut, locust and ailanthus obtained in Experiment 2, and the equation for the combined five species (All), for five electromagnetic soil moisture sensors, TEROS 10, TEROS 12, Hydra Probe, Theta Probe and TDR310S (Current calibration). The relationship between the sensor output and volumetric water content of the stem segments using the factory-supplied or derived calibration for soil (Supplied or Derived soil calibration). The Adjusted R-squared (Adjusted-R2) and root-mean-square error (RMSE) for each equation is given.
	Sensor
	Species
	Calibration
	Best-fit equation for volumetric water content of tree stems (θstem) 
and using the factory-supplied calibration equation (FSCE) for θsoil
	Adjusted-R2
	RMSE (cm3 cm-3)
	P value RMSE (cm3 cm-3)

	TEROS 10
	Poplar
	Current calibration
	θstem =1.86267×10-9V3-8.23133×10-6V2+0.0124V-6.114
	0.98
	0.014
	0

	
	
	
	
	
	
	

	
	Willow
	Current calibration
	θstem =4.2103×10-4V-0.43397
	0.97
	0.019
	1.68×10-388

	
	
	
	
	
	
	

	
	Walnut
	Current calibration
	θstem =2.29381×10-10V3-9.57363×10-7V2+0.00168V-0.9613
	0.98
	0.018
	0

	
	
	
	
	
	
	

	
	Locust
	Current calibration
	θstem =2.84354×10-9V3-1.22823×10-5V2+0.01783V-8.48571
	0.89
	0.029
	0

	
	
	
	
	
	
	

	
	Ailanthus
	Current calibration
	θstem =9.1607×10-10V3-4.28158×10-6V2+0.00698V-3.6735
	0.98
	0.021
	0

	
	
	
	
	
	
	

	
	All
	Current calibration
	θstem =8.13478×10-10V3-3.79×10-6V2+6.17×10-3V-3.23903
	0.91
	0.035
	0

	
	All
	Supplied soil calibration
	θstem =5.439×10-10V3-2.731×10-6V2+4.868×10-3V-2.683
	0.84
	0.049
	

	


TEROS 12
	Poplar
	Current calibration
	θstem = -0.37932/(1+e(θi -7.31593)/2.9973)+0.31217
	0.97
	0.016
	2.71×10-54

	
	Willow
	Current calibration
	θstem =1.33039×10-4θi 3-0.00418θi 2+0.06691θi -0.12075
	0.95
	0.031
	0

	
	Walnut
	Current calibration
	θstem =1.55537×10-4θi 3-0.00619θi 2+0.08621θi -0.14506
	0.96
	0.022
	0

	
	Locust
	Current calibration
	θstem =4.38864×10-4θi 3-0.01329θi 2+0.14167θi -0.27719
	0.98
	0.013
	0

	
	Ailanthus
	Current calibration
	θstem =1.6002×10-4θi 3-0.00618θi 2+0.08902θi -0.16442
	0.97
	0.020
	0

	
	All
	Current calibration
	θstem =9.74937×10-5θi 3-0.00409θi 2+0.06873θi -0.12494
	0.89
	0.039
	0

	
	All
	Derived soil calibration
	
	-0.32
	0.132
	

	
Hydra Probe
	Poplar
	Current calibration
	θstem =-2.4841θi3+15.76505θi2-33.34568θi+23.65367
	0.94
	0.013
	0

	
	Willow
	Current calibration
	θstem =-1.21676θi3+7.56084θi2-15.73654θi+11.10337
	0.85
	0.022
	2.22×10-14

	
	Walnut
	Current calibration
	θstem =-0.53594θi3+3.17099θi2-6.37283θi+4.4914
	0.82
	0.024
	4.86×10-13

	
	Locust
	Current calibration
	θstem =-2.18522θi3+14.02755θi2-30.02479θi+21.53093
	0.96
	0.008
	0

	
	Ailanthus
	Current calibration
	θstem =-4.07593θi3+24.93816θi2-50.85653θi+34.9661
	0.92
	0.045
	0

	
	All
	Current calibration
	θstem =-5.16446θi3+33.41206θi2-71.92469θi+51.67732
	0.45
	0.089
	0

	
	All
	Derived soil calibration
	
	-1.04
	0.170
	

	



Theta Probe
	Poplar
	Current calibration
	θstem = -0.31855/(1+e(x-215.02021)/36.80788))+0.33277
	0.95
	0.025
	9.11×10-37

	
	
	
	
	
	
	

	
	Willow
	Current calibration
	θstem =-0.53317e-V/290.83119+0.44438
	0.85
	0.058
	8.23×10-16

	
	
	
	
	
	
	

	
	Walnut
	Current calibration
	θstem =2.42972×10-9V3-3.97056×10-6V2+0.00211V-0.09363
	0.84
	0.047
	2.01×10-14

	
	
	
	
	
	
	

	
	Locust
	Current calibration
	θstem =3.92898×10-9V3-5.41888×10-6V2+0.0025V-0.15716
	0.91
	0.026
	0

	
	
	
	
	
	
	

	
	Ailanthus
	Current calibration
	θstem = -0.28609/(1+e(V-305.60355)/38.17059))+0.2893
	0.86
	0.044
	3.04×10-26

	
	
	
	
	
	
	

	
	All
	Current calibration
	θstem = -0.31778/(1+e(V-215.02021)/53.04343))+0.30251
	0.78
	0.055
	6.16×10-126

	
	All
	Supplied soil calibration
	θstem =5.3643×10-10V3-6.9877×10-7V2+7.21×10-4V-0.0051853
	0.09
	0.114
	

	


TDR310S
	Poplar
	Current calibration
	θstem =-0.00809Ɛ3+0.06427Ɛ2-0.10225Ɛ+0.07532
	0.73
	0.031
	1.16×10-9

	
	Willow
	Current calibration
	θstem =5.01127×10-4Ɛ3-0.01104Ɛ2+0.08844Ɛ-0.03239
	0.70
	0.055
	4.79×10-9

	
	Walnut
	Current calibration
	θstem = -0.26592/(1+e(Ɛ-4.56297)/2.07678))+0.24515
	0.93
	0.021
	0

	
	Locust
	Current calibration
	θstem =-0.0063Ɛ3+0.04247Ɛ2-0.03995Ɛ+0.00954
	0.60
	0.035
	6.03×10-7

	
	Ailanthus
	Current calibration
	θstem = -0.28441/(1+e(Ɛ -6.73993)/2.27111))+0.27339
	0.92
	0.023
	0

	
	All
	Current calibration
	θstem =3.66745×10-4Ɛ3-0.00706Ɛ2+0.05866Ɛ-0.02696
	0.71
	0.042
	0

	
	All
	Derived soil calibration
	
	0.51
	0.055
	



[image: ]Figure 4. The combined calibration equation of the volumetric water content of sawdust of all three species (poplar, fir and pine; blue line), the combined calibration equation of the volumetric water content of the stem segments of all five species, (poplar, willow, walnut, locust and ailanthus; green line), and the factory-supplied calibration equation (FSCE) for soil water content where available (red line) established with five different sensors: (a) TEROS 10, (b) TEROS 12, (c) Hydra Probe, (d) Theta Probe, and (e) TDR310S.
Discussion
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK9]Experiment 1: Evaluation of nine commercial soil moisture sensors for the determination of the water content of sawdust.
Using the FSCE or derived equations (see Methods) for those not supplied by the manufacturer, the nine EM sensors generally underestimated the water content of the sawdust of all three tree species [Figure 2(db), (e), (f) and Table 3]. Using the supplied or derived FSCEs, the measurement accuracy of the FDR sensors was not as good as that of the TDR and TLO sensors (Table 3), again possibly due to the shorter length of the FDR probes compared with the TDR and TLO probes (Table 1) and low frequency. The values of θsawdust estimated by the Hydro Probe using the derived FCSE were all between 0.025 and 0.017 cm3 cm-3, giving a θsawdust of 40 to 59% which is high (Figs. S1-S4) and indicates that the derived FSCE was not suitable. It is not surprising that in most cases the soil calibrations did not suit the sawdust as the measured maximum gravimetric water content of sawdust was 280%, which is not possible in regular soils (He and Dyck 2013; Vaz et al. 2013) and further the bulk densities of the sawdust are much smaller than soil (and those of the tree segments) (Table 2), so that a large bias is expected in measuring θsawdust by the nine EM sensors using the supplied and derived FSCEs (Gao et al. 2015; Martínez-Sanz et al. 2016; Singh et al. 2006;).

Experiment 2: Evaluation of five commercial soil moisture sensors to determine the water content of stem segments.
[bookmark: OLE_LINK22][bookmark: OLE_LINK23]Comparing the fit of the equations for the volumetric water content of sawdust (θsawdust) (Table 3) with those of the volumetric water content of the stem segments (θstem) (Table 4) for the various EM sensors, showed that the accuracy of the fit was lower for the stem segments than the sawdust. That is, the Adjusted R2 for sawdust is higher than the Adjusted R2 for stem segments for the same EM sensor. This difference can be largely attributed to the uniform water content distribution in evenly-packed sawdust, whereas the stem's internal heterogeneous structure, particularly between heartwood and sapwood (Constantz and Murphy 1990; Dias and Marenco 2016; Domec et al. 2005; He et al. 2021), results in an uneven water content distribution, resulting in poorer fitting accuracy for stem measurements. Additionally, during the wetting or drying cycle of the stem segments during the calibration, the water content is non-uniform, with higher water contents at the base and center of the stem segment. The uneven distribution affects the sensor measurements and consequently influences the fitting results. It would be valuable to compare the Adjusted R2 for the calibration in stem segments with the Adjusted R2 for the calibration of transpiring tree stem undergoing diurnal changes in transpiration.
When conducting measurements using the TEROS 12 sensor on willow, walnut, locust, ailanthus stem samples, we noticed a relatively close alignment between the measured data points and the sawdust-based calibration curve within the water content range of 0 to 0.25 cm3 cm-3. This closeness is likely due to the different water absorption capacities of the sapwood, resulting in relatively uniform water content across different parts of the stem when the water content is low. However, when the stem becomes saturated, variations in water absorption capacities within the stem may lead to uneven water distribution. This discrepancy contributes to errors in the results obtained when specific points across the stem segment were measured. What is clear from our study is that the calibration of water content by sawdust cannot be applied to stems and more experiments may be needed to quantify the heterogeneity of stems.
Generalized calibration equations for stem water content.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK12][bookmark: OLE_LINK21][bookmark: OLE_LINK19][bookmark: OLE_LINK20]the factory-supplied calibration equations of commercially available soil moisture sensors cannot be directly used to accurately estimate the water content of either sawdust or tree stem segments. However, the new calibration equations derived in this study can be used to improve the performance of the soil moisture sensors, except the Hydra Probe, in estimating the water content of the stem segments of the five tree species and for estimating the water content of sawdust from the three species of sawdust. Further, using the combined equation for all the five tree species, while not as good as the ones for the individual species, gave acceptable estimates of the tree stem water content for all five species. While the use of calibrations derived with sawdust would have provided an easier way to calibrate the EM sensors for stems, this was shown to not be feasible as the calibration equations were too dissimilar to be directly applied to the measurement of the water content of stems with three of the sensors presumably due to the differences in bulk density of sawdust and trees stems, but provided an acceptable estimate of the stem water content with the TEROS 10 and TEROS 12 sensors, particularly if absolute water contents are not required. The study showed that the TLO was the best at estimating the water content of sawdust and TEROS 10 for the water content of stems using the soil calibration equation provided by the manufacturer or derived for those in which the FSCE were not supplied. Using the calibrations derived in this study, TDR310S was the most accurate at estimating the water content of sawdust and TEROS 12 was the most accurate at estimating the volumetric water content of the stems. For measuring sawdust and stem moisture content using all the sensors, the accuracy of measuring stem and sawdust volumetric water content will be significantly improved by using the species-specific equations derived in this study, rather than the soil moisture calibration equations. While longer probe lengths and a greater number of probes have the potential to extend the range of water content sensing for stem water content measurements, for typical stems (such as the stem diameter range of 6-15 cm in this article), due to the uneven surface of the stem and installation constraints, it is advisable to use shorter probe lengths and only 2-3 probes due to limitations related to installation. 
Conclusions
The TLO was the best sensor at estimating the water content of sawdust and the TEROS 10 for estimating the water content of stem segments using the soil calibration equations provided by the manufacturer, they can be only be used to obtain an approximate stem or sawdust water content. The new calibration equations derived in this study improved the performance of all the soil moisture sensors in estimating the water content of the sawdust and stem segments of the tree species studied. This study has shown that the differences in bulk density between sawdust and tree stems likely preclude the use of sawdust to calibrate the sensors for the measurement of the water content of tree stems. Further, the combined equations derived in this study for sawdust and stem water content of the five tree species, while not as accurate as the individual species’ calibration equations should provide adequate calibrations for a range of species for most soil EM sensors; the combined equation did not give a suitable measure of the water content of the stem segments by the Theta Hydra Probe. It would be worthwhile evaluating how widespread these calibrations apply to both tree species and soil sensors. These findings offer valuable recommendations for the advancement of stem water content measurements using electromagnetic technology. Evaluation of the sensors in measuring the variations stem water content of transpiring trees would be valuable next step. Also, future studies that include more tree species to establish more generalized calibration equations are encouraged.
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