
Citation: Nielsen, C.K.; Thomsen,

A.G. Local Calibration of TDR

Measurements for Determining

Water and Organic Carbon Contents

of Peaty Soils. Soil Syst. 2023, 7, 10.

https://doi.org/10.3390/

soilsystems7010010

Received: 12 December 2022

Revised: 20 January 2023

Accepted: 21 January 2023

Published: 2 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Local Calibration of TDR Measurements for Determining Water
and Organic Carbon Contents of Peaty Soils
Claudia Kalla Nielsen 1,2,* and Anton Gårde Thomsen 1

1 Department of Agroecology, Faculty of Technical Sciences, Aarhus University, Blichers Alle 20,
8830 Tjele, Denmark

2 CBIO, Centre for Circular Bioeconomy, Aarhus University, 8830 Tjele, Denmark
* Correspondence: claudia@agro.au.dk

Abstract: Time domain reflectometry (TDR) measurements of the volumetric water content (θ)
of soils are based on the dielectric permittivity (ε), relating ε to θ, using an empirical calibration
function. Accurate determination of θ for peaty soils is vital but complicated by the complexity
of organic soils and the lack of a general calibration model. Site-specific calibration models were
developed to determine θ from TDR measurements for a heterogenous peatland across gradients
of peat decomposition and organic carbon (OC) content; derived by soil organic matter conversion.
The possibility of predicting OC contents based on the corrected θ (θcor); ε; electrical impedance (Z);
and a categorical predictor variable was explored. The application of plot-specific and local area
calibration models resulted in similar results. Compared to common calibrations, the threshold for
accurate determination of θwas at ε = 5; with higher ε underestimating θ by up to 25%. Including
the von Post degree of peat humification as a bioindicator, the OC content could be modelled across
the area and the full range of θwith an accuracy of ±1.2% for 496 measurements. In conclusion, a
strong indication was found for determining OC in peatlands in situ using TDR and a site-specific
calibration model for θ together with indices of peat decomposition.

Keywords: time domain reflectometry; peatland; organic carbon; peaty soil; water content; soil moisture

1. Introduction

Soil moisture content, a critical variable for emissions of greenhouse gases (GHG)
from soils and especially peatlands [1–3], is not necessarily well-related to measurements
of water table depth (WTD). While monitoring of WTD indicates the lower boundary of
the vadose zone of peaty soils over time, it provides no information regarding the soil
volumetric water content (θ)—critically related to redox conditions [4,5] and dynamics of
atmosphere—soil exchanges of, in particular, CH4 and N2O.

Time domain reflectometry (TDR) is a well-established, non-destructive in situ method to de-
termine θ of porous media, most commonly soils [6–8] but also grains [9] or roadbeds [10], based
on the relationship with the dielectric permittivity (ε) (or previously, dielectric constant). Over
decades, most empirical calibration models focused on mineral soils, e.g., [11,12], typically
characterised by ε < 40, dependent on soil texture. However, for porous soil media like peat,
characterised by higher water-holding capacities [13] and typically with ε > 40 [14], the use of
commonly used calibration equations for mineral soil, e.g., [11] results in underestimated values
for θ [15–17].

While the accuracy related to dielectric calibration models and TDR-instrumentation
for soils with high organic carbon (OC) content has been investigated, e.g., [13,14,18], there
remains a lack of consent regarding the applicability of calibration models across gradients of
OC for peat substrates. In organic soils, bulk density (BD) has been found highly correlated to
both OC concentration, e.g., [19] and gravimetric water content [20]. Serving as a bioindicator
(i.e., a proxy) for peat degradation and substrate composition, this relationship has been used
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as an aid for determining specific soil conditions, influencing the TDR-derived determination
of θ [21].

With an increasing acknowledgement of the importance of peatlands and their hy-
drological status for a variety of different ecosystem services, e.g., habitat provision and
biodiversity, climate mitigation, and nutrient cycling [22], peatland restoration is on the
agenda of many national and international policies [23]. Agricultural practices have led to
the wide deterioration of peatland ecosystems, including the degradation of peat substrate
quality [24]. Therefore, an improvement of time- and cost-efficient in situ methods for de-
termining soil moisture and carbon contents can not only aid in pinpointing priority areas
for peatland restoration, but can also refine the outcomes of digital mapping approaches by
more rapid ground-truthing [25].

This study aimed to explore the possibility of determining OC contents in peaty soil by
empirical models based on the corrected θ (θcor), ε, electrical impedance (Z), and a categorical
bioindicator predictor variable for soil texture and peat degradation. Further, it discusses
whether an individual calibration of ε, for accurate determination of θ, needs to be performed
for individual organic soil sites, considering the organic carbon content. In this context,
single-plot and ‘all-in-one’ calibrations across gradients of peat substrate quality and OC
contents were performed to compare the accuracy of the resulting empirical models.

2. Methods
2.1. TDR System

The TDR system used included a TDR100 TDR instrument (Campbell Scientific, Logan,
USA), an Allegro (DOS) handheld field PC (Juniper Systems, Logan, USA), and a 50 to 200 Ω
hand balun to connect the TDR instrument to permanently-installed measuring probes. Details
on the TDR system applied are given in [26].

2.2. Study Site and Sampling Procedure

In February 2022, a total of 16 intact cylindrical soil columns (20 cm length, 10 cm
diameter) were extracted from a riparian fen peatland located in the Nørre Å river valley,
Denmark (56◦26′15.3” N, 9◦32′44.1” E). Over decades, the area has mainly been used for
animal grazing due to its low productivity and relatively high wetness, despite drainage by
ditches and tile drains which were established during the first half of the 20th century. The
site is currently cultivated with flood-tolerant perennial grasses as part of field experiments
focusing on biomass production and peatland hydrology. A detailed description of the field
site is presented by Nielsen et al. [27]. Due to frequent flooding events [28], as well as the
local land-use history, soil properties for the plots selected for soil sampling varied depending
on the distance to ditches and the river (Table 1). Four samples were extracted from each of
the four selected plots, resulting in a total of 16 samples included in the present study. BD
for each sample was determined after complete desiccation at the end of the experimental
period by dividing the desiccated weight of the peat samples by the volume of the cylindrical
soil columns (1570.8 cm3). Following this, the samples were milled using a 2 mm mesh
sieve for determination of soil organic matter (SOM) contents by loss on ignition (LOI),
where a representative sub-sample of 7 g was ignited in a furnace at 550 ◦C for a duration of
5 h. A SOM to soil OC conversion factor of 0.58 was applied, based on the predominance of
vascular plants in processes of peat formation for this study site [29]. Vegetation composition,
pH, and the von Post degree of humification [30] were determined in situ during sampling.
Factors of colour and silt were determined after desiccation of the soil samples at the end of
the experiment, where simple and non-technical categorisation classifications were applied.
For colour, ranges of 1–5 were applied, where 1 is light brown-grey and 5 is dark brown.
Regarding silt, the absence (0) or presence (1) of particles was the sole determining factor. A
picture of the dried samples is provided in the Supplementary Material (Figure S1).
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Table 1. Plot-specific and site-averaged soil properties, showing bulk density (BD), the organic carbon
content (OC), pH, the von Post degree of humification, and the dominating vegetation type.

Plot
Distance
to River

(m)

Distance
to Ditch

(m)
BD (g
cm−3)

OC
(%) pH Colour Silt Von

Post
Vegetation

(Dominating)

12 136 12 0.323 44.7 4.9 4 0 3 Holcus lanatus

13 99 72 0.356 26.8 5.7 2 1 5 Phalaris
arundinacea

19 80 45 0.344 23.9 6.0 2 1 5 Phalaris
arundinacea

22 52 59 0.316 36.8 6.2 3 1 4 Phalaris
arundinacea

Site average: 0.336 33.1 5.7 2.8 0.8 4.2 Varying

2.3. Experimental Setup

The 16 samples were placed in boxes with porous ceramic bottom plates for controlled
saturation and subsequent desaturation under laboratory conditions at a constant tempera-
ture of 20 ◦C. Following a saturation phase of 30 days, the samples were expected to be
fully saturated.

In each sample, two TDR probes, point-sharpened steel rods of 20 cm in length and
4 mm in diameter, were installed at full saturation. The distance between probes was 2 cm,
guided by an installation block [26] to ensure that the sampled area was well within the sample
diameter [31,32]. The TDR system was set up to measure water content based on the default
calibration for mineral soils [11] and probe impedance (Z) inversely correlated with sample
electrical conductivity [33]. Water content and electrical conductivity were measured within
identical soil volumes [34].

The θ, ε, Z, soil weight, and soil column volume were measured from the 15th of March
2022 to the 2nd of August 2022 on a total of 29 dates with increasing time intervals between
measurements, depending on drainage rate. The soil samples were drained to soil water
retention curve (pF) potentials of pF 1.3, 2, and 2.4 by applying vacuum desaturation by
suctions of −20 cm, −100 cm, or −300 cm, respectively. After reaching pF 2.4, the soil samples
were slowly oven dried for 14 days at 60 ◦C until fully desiccated.

2.4. Calibration and Site-Specific Calibration Model

Firstly, based on all gravimetric measurements of weight losses, the corrected water
content (θcor) was derived after oven drying by applying a simple equation (Equation (1)),
in which Wwet is the weight of the soil sample (in g) at i, the measurement campaign. Wdry

is the desiccated weight (in g), BD is the bulk density of the dry peaty soil (in g−1 cm−3)
and WD is the water density at a room temperature of 20 ◦C (=1 g−1 cm−3). The terms of
the equation were multiplied by 100 in order to express θcor in percentage:

θcor =
((

Wweti −Wdry

)
/ Wdry

)
× BD

WD
)× 100 (1)

Following the correction of TDR measured θ to θcor, a third-order polynomial model
with ε as the dependent variable (Equation (2)) was derived with regression coefficients for
(1) the soil samples for each sub-plot of the study site (‘single’ calibration) and (2) across all
samples (‘all-in-one’ calibration):

θcor = α + β1(ε) + β2

(
ε2
)
+ β3

(
ε3
)
+ ∈ (2)

The results from both calibration approaches were compared in terms of accuracy.
Further, applied to the dataset derived by this study, both calibration models were compared
to previously published empirical calibration equations for organic soil [11,15,35,36] and the
commonly applied calibration for mineral soil by Topp et al. [11], which also was applied
during laboratory measurements of TDR.
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2.5. Prediction of SOM-Derived Organic Carbon Contents from Measurements of ε, Z, and θcor

To assess the potential of TDR-derived measurements of ε, Z, and θ to determine
contents of OC in peaty soil, the previously described laboratory-derived calibration
equation was applied to a dataset of TDR-derived in situ measurements of ε, Z, and θ.
These measurements had been performed in, at the most, biweekly intervals, amounting to
a total of 35 occasions, between the 7th of April 2020 and the 4th of May 2021, at the same
plots and sub-plots (total n = 16) of the previously described Vejrumbro study site used
for the collection of soil samples for the laboratory-experiment regarding the site-specific
calibration of θ.

First, measurements with θ > 100% (equivalent to ε > 81) due to inundation of the
TDR probes were discarded and θ was corrected to θcor according to equations 1 and 2.
This resulted in the inclusion of 496 out of 560 observations of ε, Z, and θcor. Later, this
dataset of corrected θcor was used to explore the possibility for determining the OC content
in peaty soil using TDR measurements.

In this context, an approach using generalised additive models (GAMs) had been
chosen since GAMs allow for the combination of linear and non-linear relationships un-
der variable-specific data-derived penalties [37–39]. This led to two different modelling
approaches for the prediction of the OC content of peaty soil, based on:

(1) ε and θcor, as well as a categorical predictor variable (Equation (3)), and
(2) ε, θcor, and Z, as well as a categorical predictor variable (Equation (4)).

The different categorical predictor variables are described in Table 2.

OCi ∼ N(µ,σ2) OCi
= α + f1(θcori, εi) + β1(Cat.var1)
+β2(Cat.var2) , εi ∼ N

(
µ, σ2) (3)

OCi ∼ N
(
µ,σ2)OCi = α + f1(θcori, εi, Zi) + β1(Cat.var1) + β2(Cat.var2),

εi ∼ N
(
µ, σ2) (4)

Table 2. Generalised additive models (GAM) tested for the prediction of organic carbon content. The
model names are a combination of the continuous and categorical variables included, as indicated
by abbreviations in brackets in the model equations. θcor (W) is the, by Equations (1) and (2),
corrected volumetric water content in peaty soil, ε (K) is the dielectric permittivity, and Z (I) is the
probe impedance.

Model Name Continuous Variables Included
(Smooth Terms)

Categorical Variables Included
(Parametric Coefficients)

WK θcor (W), ε (K) -

WKV θcor (W), ε (K) Vegetation (V)

WKD θcor (W), ε (K) Distance to river and ditch (D)

WKS θcor (W), ε (K) Silt content (S)

WKC θcor (W), ε (K) Peat colour (C)

WKCV θcor (W), ε (K) Peat colour + Vegetation (CV)

WKvP θcor (W), ε (K) Von Post scale of humification (vP)

WKBD θcor (W), ε (K) Bulk density (BD)

WKI θcor (W), ε (K), Z (I) -
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Table 2. Cont.

Model Name Continuous Variables Included
(Smooth Terms)

Categorical Variables Included
(Parametric Coefficients)

WKVI θcor (W), ε (K), Z (I) Vegetation (V)

WKDI θcor (W), ε (K), Z (I) Distance to river and ditch (D)

WKSI θcor (W), ε (K), Z (I) Silt content (S)

WKCI θcor (W), ε (K), Z (I) Peat colour (C)

WKCVI θcor (W), ε (K), Z (I) Peat colour + Vegetation (CV)

WKvPI θcor (W), ε (K), Z (I) Von Post scale of humification (vP)

WKBDI θcor (W), ε (K), Z (I) Bulk density (BD)

In which OCi is the non-transformed predicted variable of organic carbon (OC); µ is the
overall mean; and σ2 is the experimental error affected by f 1, the penalised isotropic product
smooth, representing the marginal effects and interaction of the corrected volumetric water
content in peat (θcor) and the dielectric permittivity (ε), as well as (in Equation (4)) the probe
impedance (Z), at the ith sample. β1 is the main categorical predictor variable (Cat.var1),
indicating peat substrate quality, and β2 is the additional categorical predictor variable for
peat substrate quality (Cat.var2).

All models were performed using a gaussian distribution and an identity link function
in the mgcv package [40] in R [41], using restricted marginal likelihood (REML) for all
coefficients and penalties. Model formulas can be found in Table S3. Prior to any model
fitting, continuous and categorical variables were tested for collinearity and concurvity.

Firstly, for the modelling approach of OC, each of the GAMs presented in
Equations (3) and (4) was fitted and trained based on the laboratory-derived dataset.
Subsequently, the in situ-measured and corrected dataset of θcor was read into R. Lastly,
the various model fitting functions were applied to this dataset in order to determine OC
contents over the range of naturally occurring levels of water saturation in peat using the
function “predict”.

All model performances were compared based on R2, the generalised cross-validation
(GCV) score, and Akaike’s Information Criteria (AIC). The accuracy of model outputs
was compared to laboratory-derived OC values and determined based on means and
standard error.

3. Results and Discussion
3.1. A Common Calibration Equation across Gradients of Organic Carbon Contents Is Feasible

The constants of the empirical calibration equations for θ differed for the plot-specific
‘single’ calibrations (Figure 1a), as also compared to the ‘all-in-one’ calibration across plots
and, thus, peaty soil properties (Figure 1b). Oleszczuk et al. [13], who already compared
different polynomial and square-root models for various organic soils, highlighted the
observed differences between empirical constants for various calibration curves. However,
despite differing constants, the application of both calibration options, ‘single’ and ‘all-in-
one’, resulted in similar results. While there were differences between the relationships,
especially for plots 13 and 22 (Figure 2a), and particularly at lower values of ε, these
differences were not found when applying both calibration options across all plots and
peaty soil properties (Figure 2b).
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Figure 2. Plot-based (‘single’, brown) vs. whole-site (‘all-in-one’, blue) calibration outcomes and perfor-
mance as compared to the corrected and measured values for (a) individual plot and (b) across plots.

Given the differences in peat quality, as indicated by proxies for peat degradation and the
silt content resulting from flooding, the observed results are contrary to the previously found
importance of including OC in the calibration. For instance, Szypłowska et al. [18] highlighted
the importance of SOM for dielectric calibration models across different soil types. Contrary to
this, and in line with the presented results, it was found [42] that a common calibration model
across soil properties could be applied if true peaty soils were excluded.

When applying different calibration models to the data derived by this study, it was
found that the empirical calibration models from this study resulted in higher contents
of θ compared to other published equations (Figure 3). For instance, applying the em-
pirical equation for sphagnum peat by Pepin et al. [15] on this data set resulted in an
underestimation of θ from ε > 15, further on deviating parallel to θ derived in this study.
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Figure 3. Comparison of previously published third-order polynomial equations for calibration of
TDR measured volumetric water content (%), of organic soils. All equations (and their constants)
were applied to the dataset derived in this study, with this study’s calibrations as reference. Faded
red dashed lines indicate θ of 25, 50, and 75 %. ε is the dielectric permittivity. The faded blue dashed
line indicates ε = 30 [11,15,35,36].

The equations presented by Myllys and Simojoki [35] and Oleszczuk et al. [36], calibrated
on sphagnum and carex, and alder peat, respectively, resulted in similar values for θ. However,
compared to the results derived in this study, these were underestimating θ by up to 10%.
Furthermore, while the calibration model for organic soil by Topp et al. [11] resulted in
unrealistic values for ε > 30, the commonly applied mineral soil calibration [11] significantly
underestimated θ throughout the range of ε, even at near-dry conditions. While this is not a
new finding [16,17], it highlights again the need for applying specific calibration equations for
an accurate determination of θ in peaty soils.

Based on the results observed for the heterogeneous fen peatland site at Vejrumbro,
the application of a common calibration model (‘all-in-one’) was found to be feasible
for the whole range of water saturation. The comparison to other calibration equations
showed that conditions of changing soil moisture contents, commonly occurring in peatland
environments due to fluctuating water tables, cannot be accurately captured by TDR
without local calibration. In this context, in peaty soils with differing peat properties, a
large discrepancy between TDR measured and corrected θ was found, confirming the need
for a site-specific calibration, particularly compared to the common Topp equations for both
mineral and organic soils [11]. Previously, the threshold for the application of standard
calibration models for peaty soil was reported to be around ε = 40 [14]. However, for the
observed differences between θ and θcor, the threshold for the Vejrumbro field site was
significantly lower, starting at ε < 5 for all calibration methods, except for plot 22, where
a threshold of ε = 10 was found (Figures S2 and S3). In all cases, the non-calibrated TDR
measurements underestimated θ by up to 25%.
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3.2. Organic Carbon Contents Can Be Determined Using TDR

There is an increasing need for mapping peatland areas regarding their OC content
due to associated greenhouse gas emission factors [43]. Resulting from the above observa-
tions, the possibility of determining the OC content of peaty soils based on measurements
of ε, Z, and θcor was explored. In this context, various GAM approaches were tested, either
including or excluding measurements of Z. Based on solely ε and θ (model WK), predicted
values of OC for the various plots were equal (Figure S4), and model performances were
low (R2 = 0.19, Table 3). The inclusion of Z (model WKI) resulted in more differentiated
model outputs regarding the predicted OC (Figure S5), but the model accuracy remained
low (R2 = 0.35, Table 4) with a high deviation to the actual values (Tables S1 and S2).
Gnatowski et al. [21] highlighted the importance of bioindices for advancing the under-
standing of hydro-biogeochemical processes in peaty soils. In line with this observation, it
was found that an accurate prediction of the OC of peaty soils was possible when including
a categorical variable indicating the peat substrate quality based on simple classifications
that can be performed in situ. For instance, including the categorical variables of peat
colour (model WKC/WKCI), von Post humification scale (model WKvP/WKvPI), or a
combination of peat colour and vegetation (helophyte vs. graminid predominance; model
WKCV/WKCVI) performed equally well (R2 = 0.94 at 99.6% deviance explained) for both
model approaches, including and excluding Z. However, despite the equally good model
performance, the models including Z and based on the categorical predictor variables of
von Post (WKvPI), as well as colour and vegetation (WKCVI), resulted in the smallest
deviation from actual OC values, corresponding to ±1.2 % across all plots and levels of
water saturation. The importance of Z for accurate predictions of OC was shown by com-
paring models WKvP and WKvPI. While both models resulted in a constant estimation of
OC until an approximate threshold of ε = 54 or θ = 90%, independent of water saturation,
the WKvPI model resulted in more differentiated OC estimations (Figure 4). Nonetheless,
despite the good performance of the WKvPI, WKCI, and WKCVI models, it needs to be
considered that the determination of OC was performed indirectly via the conversion of
LOI-derived SOM.

Table 3. Generalised additive models explored to predict the content of organic carbon at Vejrumbro
based on in situ measurements of dielectric permittivity (ε = K) and the corrected volumetric water
content (θcor = W) as interacting smooth terms and different categorical (parametric) variables. Bold
letters denote components in model names. Full model performances are provided in the Figure material.

WK WKV WKD WKS WKC WKCV WKvP WKBD

Smooth terms:
ε * θcor p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Parametric
coefficients:

Vegetation
(V) p < 0.001

Distance
(D) p < 0.001

Silt (S) p < 0.001
Colour (C) p < 0.001
Colour * Vegetation

(CV) p < 0.001

von Post
(vP) p < 0.001

Bulk density (BD) p < 0.001

R2 0.192 0.733 0.526 0.733 0.939 0.939 0.939 0.544
Deviance explained

(%) 95.4 98.5 97.4 98.5 99.6 99.6 99.6 97.5

GCV 63.0 21.7 38.5 21.7 4.6 4.6 4.6 36.7
AIC 3350.5 2835.1 3109.3 2835.1 2096.8 2096.8 2096.8 3088.5
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Table 4. Generalised additive models explored to predict the content of organic carbon at Vejrumbro
based on in situ measurements of dielectric permittivity (ε = K) and the corrected volumetric water
content (θcor = W) as interacting smooth terms, measured impedance (Z = I), and different categorical
(parametric) variables. Bold letters denote components in model names. Full model performances
are provided in the Supplementary Material (Figures S6–S13).

WKI WKVI WKDI WKSI WKCI WKCVI WKvPI WKBDI

Smooth terms:
ε * θcor p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Parametric coefficients:
Impedance

(I) p < 0.001 p < 0.01 p < 0.001 p < 0.01 p < 0.05 p < 0.05 p < 0.05 p < 0.001

Vegetation
(V) p < 0.001

Distance (D) p < 0.001
Silt (S) p < 0.001

Colour (C) p < 0.001
Colour * Vegetation (CV) p < 0.001
von Post

(vP) p < 0.001
Bulk density (BD) p < 0.001

R2 0.349 0.729 0.564 0.729 0.939 0.939 0.939 0.625
Deviance explained (%) 96.3 98.5 97.5 98.5 99.6 99.6 99.6 97.9
GCV 50.8 21.41 34.4 21.4 4.6 4.6 4.6 30.3
AIC 3247.1 2831.2 3058.4 2831.2 2096.1 2096.1 2096.1 2995.7

Interestingly, the inclusion of BD as a categorical variable, frequently mentioned as a
variable of key importance, e.g., [12,44,45], did not result in improved model predictions as
compared to in situ assessable bioindices. Considering that laboratory-derived categorical
variables are not practical for in situ mapping of OC contents [46], our results highlight the
potential for easily field-obtainable variables. Since the models including colour, colour and
vegetation, and von Post scales performed equally well, further elaboration of validity for
these model approaches, in particular including Z and von Post or colour and vegetation, is
advocated. However, while a commonly applied method, the von Post scale is a subjective
method, having its drawbacks regarding the consistent interpretation of peat humification
across adopters. Nonetheless, its applicability as a tool for in situ grading of peat humification
by the same adopter has validity if the intention of usage is not as a definite determination.
For accurate validation of the degree of peat humification, other chemical parameters, e.g.,
the H/C atomic ratio [47], have shown to be more reliable proxies.

Previously, Thomsen et al. [33] introduced a vehicle-mounted mobile TDR system,
able to map ε and θ for areas between 15–30 ha within 8 h, depending on the density of
measurements. As also highlighted by He et al. [8], it was found in this study that TDR
systems are capable of providing additional information regarding soil properties beyond
its common application in determining θ. However, to enhance the applicability over a
broader range of peaty soil types and grades of decomposition, it is critical to improve
both the calibration and models by a larger number of samples. In this context, further
elaboration of the potential for TDR-based mapping of OC within organic soils can provide
an efficient pathway to map critical soil properties rapidly and accurately over naturally
heterogeneous areas. However, a standardisation of approaches for defining peat quality
indicators (colour, silt, von Post) is critical to minimising the issue of subjectivity, potentially
compromising the general applicability of the OC models.
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Figure 4. 3D plot of the organic carbon (OC) model outputs from (a) the water content and von Post
(WKvP) model, and (b) the water content with von Post under inclusion of impedance (WKvPI)
model. The y-axes indicate the modelled OC contents, while the x-axes show the corrected volumetric
water content in %. The z-axes show the dielectric permittivity (ε). Coloured dots indicate different
plots, each comprising the four replicates per plot. All 3D plots are available as an interactive version
online (link in Supplementary Material).

4. Summary and Conclusions

A site-specific calibration model for ε, measured by TDR, was developed to accurately
determine θ for a heterogenous fen peatland in the Nørre Å Valley, Denmark, across differences
in peat decomposition and organic carbon content. Comparing plot-specific and whole-
site calibrations based on third-order polynomial regression resulted in similar results. The
application of other established empirical calibrations for organic soils to this dataset resulted
in underestimations of θ, ranging on average between 25% [11] to 3% [15] across ranges of ε
above the threshold of ε = 15. Based on the calibration results, the possibility of determining
differences in the heterogeneous OC content of peaty soil, as derived by the conversion from
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SOM by empirical models based on the corrected θ (θcor), ε, electrical impedance (Z), and a
categorical predictor variable based on bioindices, was explored by applying GAMs. For all
models, the inclusion of Z as a categorical predictor variable resulted in more differentiated
results regarding the predicted OC content. Of all categorial predictor variables trialled,
the models including the von Post scale of humification predicted the content of OC across
all plots and levels of water saturation with good performance (R2 = 0.94), resulting in a
deviation of±1.2 % OC for the predicted values compared to measured OC contents over a
total of 496 measurements. In conclusion, despite the need for further model development
under consideration of additional samples across gradients of peat substrate quality, a strong
indication for the possibility of determining OC in peatlands in situ with TDR systems by the
application of a site-specific calibration model of θ together with indices of peat degradation
was found.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/soilsystems7010010/s1, Figure S1: Picture of the dried peat samples;
Figure S2: Difference between measured and corrected water contents across plots; Figure S3: Difference
between measured and corrected water contents for each plot; Figure S4: 3D plot of the WK model;
Figure S5: 3D plot of the WKI model; Figures S6–S13: Graphical outputs of the generalised additive
models excluding impedance (models WK–WKBD); Table S1: Organic carbon contents as predicted
by the models excluding impedance; Table S2: Organic carbon contents as predicted by the models
including impedance; Table S3: Code formulas used for the prediction of organic carbon contents.
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