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A B S T R A C T

Growing Sphagnum moss for peatland restoration and fibre farming requires the proper moisture regime be
maintained; thus, there is a desire to optimize growth by creating ideal hydrological conditions. However, it is
uncertain which parameterization method is most suitable to describe field-scale processes and which soil water
retention model and hydraulic conductivity curve (approach) is the most acceptable to use. Parameterizations of
the van Genuchten –Mualem (VGM) equation were done using RETC, curve fitting to direct measurements of the
water retention and unsaturated hydraulic conductivity curves; and Hydrus-1D, inverse modelling to field ob-
servations of soil moisture. The acceptability of each parameterization was tested by comparing soil moisture
estimates based on forward simulations to observed soil moisture in two regenerated moss profiles, established
in 1970 and 2006 cases, respectively. The transient field model simulated soil moisture well, and had an RMSE of
0.05 and 0.06 for 1970 and 2006, respectively. The most error occurred during the wettest and driest periods of
the simulations. Simulated soil moisture was consistently drier than the observed soil moisture, in the steady-
state laboratory simulation, and had markedly higher RMSE, 0.14 and 0.27 for the 1970 and 2006 profiles,
respectively. The estimate of the VGM α parameter, an approximately the inverse of the air-entry pressure, fit to
direct measurements of the retention and unsaturated hydraulic conductivity curves was an order of magnitude
higher than that fit to field observation. The results of the simulation suggest that inverse modelling to field soil
moisture should be used to estimate VGM parameters to more accurately represent field-scale soil moisture
dynamics.

1. Introduction

Unsaturated zone hydrological process in peat and Sphagnummosses
have become a topic of increased interest over the past two decades
because of their importance to horticultural applications (da Silva et al.,
1993), climate change resilience (Moore and Waddington, 2015), re-
storation (McCarter and Price, 2015), and carbon dynamics/plant
growth (Strack and Price, 2010). Unsaturated zone properties control
the ability of a porous media to retain and conduct water under nega-
tive pressure head, which is dictated by morphology of the pore net-
work and water distribution within it (Jerauld and Salter, 1990), the
wettability and saturation history of the media (Man and Jing, 1999),
and the pore size distribution of the media (Mualem, 1976; van
Genuchten, 1980). Sphagnum mosses are the dominant species in many
peatlands, and the pore network is the space between overlapping
leaves and branches (Hayward and Clymo, 1982). Sphagnum mosses are

bryophytes that have no roots, which rely on water conveyed through
the pore network under capillary force. Thus, understanding un-
saturated process and properties is important to understand how
peatlands develop, function, and persist.

Recently, Sphagnum fibre farming is being considered as an alternate
management plan to restoring peatlands after they have been disturbed
for peat harvesting (Brown et al., 2017) or agriculture (Gaudig et al.,
2018). The objective of fibre farming is to maximize Sphagnum biomass
accumulation by optimizing water availability, which can be done with
a variety of irrigation systems (e.g. Brown et al., 2017; Gaudig et al.,
2018). The optimum water content for Sphagnum moss is available to
maximize carbon uptake through photosynthesis (Flanagan, 1996;
Silvola, 1990), but not restrict gas exchange (Silvola, 1990). Further-
more, water table stability of the peatland is an important factor in
moss photosynthesis and biomass production (Brown et al., 2017;
Pouliot et al., 2015). Hydrological models are a useful tool for assessing
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the scalability of an operation, and how moss growth and species
composition may change the water demand and irrigation strategies.

Simulations, which use unsaturated hydrological models, can be
used to assess water availability; the models are defined by the re-
lationships between pressure head (ψ), soil moisture (θ), and hydraulic
conductivity (K). For organic soils, retention curves (θ(ψ)) and hy-
draulic conductivity curves (K(ψ)) have typically been derived by
parameterizing soil hydraulic property functions to laboratory ob-
servations (da Silva et al., 1993; Gnatowski et al., 2002; Price et al.,
2008). Parameters describing soil hydraulic properties have usually
been used to compare the retention capacity of different soils
(Gnatowski et al., 2010; Moore et al., 2015) or assess the functional
differences of mosses (Gauthier et al., 2018; Golubev and Whittington,
2018; McCarter and Price, 2014). Furthermore, hydrological models
have also been used to characterize unsaturated zone contaminant
transport (Gharedaghloo et al., 2018; Simhayov et al., 2018), plant
stress (Moore and Waddington, 2015), and evaporation from peatlands
(Dixon et al., 2017). Very little work has been done to predict soil
hydraulic parameters which describe field-scale soil moisture
(Schwärzel et al., 2006a, 2006b).

The use of soil water characteristic and hydraulic conductivity
curves in models requires that a function is fit to the θ(ψ) and K(ψ)
observations. Traditionally, multi-step outflow experiments using
pressure cells (e.g. Weiss et al., 1998) were only able to generate the
data to fit the retention curve. More recently, the tension disk method
was developed, which allows for the direct observation of the retention
and hydraulic conductivity curves (Price et al., 2008). Numerous stu-
dies have measured the retention and hydraulic conductivity curves but
have not used the data for curve fitting (e.g. Goetz and Price, 2015;
McCarter and Price, 2015). An alternative approach to directly fitting
the soil water retention and hydraulic conductivity curves is inverse
modelling, which is the process of iteratively solving Richards equation
to best match transient observations of soil moisture and/or pressure
head (Vrugt et al., 2008; Weber et al., 2017a). Inverse modelling for
organic soils has been done in the laboratory using multi-step outflow
(Gnatowski et al., 2010), evaporation (Weber et al., 2017a), and un-
steady state displacement experiments (Gharedaghloo and Price, 2019).
Additionally, inverse modelling can be done using observations from
field experiments (Schwärzel et al., 2006a, 2006b). Parameters de-
termined using direct curve fitting differed from those determined with
inverse modelling, the modelled curve suggests that drainage occurs
closer to 0 cm of pressure (Schwärzel et al., 2006a); these differences
will be discussed later. Studies with mineral soils have found that
parameterization with inverse modelling produced more accurate re-
tention curves than parameters fit with direct curve fitting (Lier, 2019;
Morvannou et al., 2013).

Despite the large volume of work done to characterize unsaturated
properties in the laboratory, virtually no attempts have been made to
assess their validity in field conditions (e.g. Schwärzel et al., 2006b).
Furthermore, several laboratory measurement methods have been
presented and the evidence suggests that they can result in different
parameter estimates (Schelle et al., 2013), and that there can be large
discrepancies in their performance in a field setting (Schwärzel et al.,
2006b). An improved understanding of unsaturated properties can be
gained by assessing how different parameter fitting methods can si-
mulate water retention and transport in a soil column. The intent of this
study is to determine the VGM parameters that accurately describe soil
moisture dynamics in the field. Therefore, the objectives are (a) to
determine VGM parameters for regenerated Sphagnum moss profiles
using direct curve fitting and inverse modelling; and (b) assess how
effective each parameter set is at simulating soil moisture during the
summer field season using a one dimensional hydraulic model.

2. Methods

2.1. Study site and sample preparation

Data for this study were originally collected and published by
Taylor and Price (2015); for a full description of methods consult the
original publication. The study site was a cutover peatland located
south of Shippagan, New Brunswick (47°40′N, 64°43′W) and it is
characterized by alternating raised baulks and lowered trenches as a
result of traditional block-cut peat harvesting. Since abandonment in
1970, Sphagnum mosses spontaneously recolonized the trenches. Ad-
ditionally, the site was selected for research in Sphagnum fibre farming.
Beginning in 2004, plots of vegetation were removed and replanted
with Sphagnum mosses every two years until 2010 (Landry and
Rochefort, 2009). Plot names indicate the year of abandonment (1970)
or the year where Sphagnum was planted. The profile at each plot was
old cut-over peat overlain by moss layers of varying thickness reflecting
the time since moss re-establishment (Taylor and Price, 2015). To
measure soil moisture, triplicate CS605 TDR probes were installed at
depths of 2.5, 7.5, 12.5, and 17.5 cm; and 2.5, 7.5, and 12.5 cm for the
2006 and 1970-C plots, respectively. Soil moisture was measured
hourly, with the exception of TDRs installed at 12.5 and 17.5 cm below
the surface in the 2006 profile, which were manually measured several
times a week (Taylor and Price, 2015). Calibration of the TDRs was
done gravimetrically, for more information see Taylor and Price (2015)
for a full description of the calibration process. Meteorological, soil
moisture, and water table data were collected hourly at the 1970-C and
2006 plots. Although the 2010 plot was instrumented, the moss layer
was not thick enough to be instrumented or adequately sampled, thus,
it was not used in this study. Several experimental plots were estab-
lished in regions with moss growth starting in 1970 (Taylor and Price,
2015); since only the 1970-C plot was instrumented, it will be referred
to as 1970 in this study. Samples of Sphagnum moss (n = 2 per profile)
and cut-over peat (n = 1 per profile) were taken from the top 10 cm,
the base of the moss profile and the cut-over peat of each plot; depths
represent the midpoint of samples that had a height of 5 cm (Fig. 1).
Soil water retention and unsaturated hydraulic conductivity were de-
termined in the laboratory (Taylor and Price, 2015) using the modified

Fig. 1. Model domain for the 1970 and 2006 profiles. The black dots are TDR/
observation node depths, and black rectangles mark the location where samples
used for the laboratory experiment were taken. The green layers are cut-over
peat, and the remaining ones are regenerated moss. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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tension disk method described by McCarter et al. (2017). Following
that, bulk density, porosity, and saturated hydraulic conductivity were
measured (Taylor and Price, 2015). The depth of samples and TDR
probes will define the layers used in later model domains.

2.2. Model setup

HYDRUS-1D was used to numerically simulate soil moisture dy-
namics in the 2006 and 1970 plots for an 82-day period between May
and August 2013, using the parameters estimated from two different
techniques described later. The model domains were 0.58 and 0.47 m
tall and contained three and four layers for the 2006 and 1970 plots,
respectively (Fig. 1). Node spacing was 0.005 m. A variable pressure
head was defined as the lower boundary condition. Typically the ver-
tical hydraulic gradient is very low in Northern bogs (Reeve et al.,
2000), as such the lower boundary was determined from observed
water table measurements. Observed precipitation and estimated po-
tential evaporation from Taylor and Price (2015) were used to char-
acterize the atmospheric boundary condition with surface layer at the
top of the domain. Potential evapotranspiration was calculated using
the Priestley-Taylor method. The Priestley-Taylor alpha value was set to
1.26 as defined by Priestley and Taylor (1972) and previously used in

peatlands by Petrone et al. (2008) and Price (1992). The soil water
atmospheric vapour equilibrium (hCrita) defines the pressure head at
which evaporation capacity is exceeded; evaporation becomes limited
when pressure head of the top node reaches hCritA, actual evaporation
will be less than potential evaporation (Šimůnek et al., 2009). Nu-
merically, hCritA is used to increase model stability; it is a lower bound
for pressure head to prevent it from changing dramatically when there
are small changes in the water content near residual. An hCritA of −10
000 cm was used; it is the pressure head at which Thompson and
Waddington (2008) and Goetz and Price (2015) suggest soil vapour
equilibrium occurs in a cut-over bog at mid-day during the summer
and, in a Sphagnum profile when the water table is 10 cm below the
surface, respectively. Initial soil moisture conditions were determined
by linearly interpolating between TDR observations and water table. A
spin-up period was not needed because the initial conditions were well
defined.

2.3. Determination of soil hydraulic parameters

The van Genuchten-Mualem equation (VGM) is the most widely
used soil hydraulic property model within peatland literature (Gauthier
et al., 2018; Golubev and Whittington, 2018; McCarter et al., 2017;

Fig. A1. Combination plot of all literature values for α where the points are the average value, and the error bars are the maximum and minimum values reported.
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McCarter and Price, 2014; Moore and Waddington, 2015; Price et al.,
2008; Price and Whittington, 2010). The VGM model is defined as:
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where Se is the effective saturation [–], ψ is the pressure head [L], Ks is
the saturated hydraulic conductivity [L T−1], and θ, θr, and θs [cm3

cm−3] are the water content, residual water content, and saturated
water content, respectively. The parameters α [L−1], n, and l are fitting
parameters that are related to the inverse of the approximate air-entry
pressure, width of the pore size distribution, and the pore-connectivity,
respectively. The parameter m is calculated as 1–1/n.

The VGM parameters (α, n, l and m= 1–1/n) were determined using
two methods; the first was using RETC software (van Genuchten et al.,
1991) based on the hydraulic conductivity and retention data measured
by Taylor and Price (2015) in steady-state laboratory experiments for
each layer, hereafter referred to SSL parameters. Moreover, any model
which used the SSL parameters will be referred to as an SSL model. All

measured water content and conductivity measurements at each pres-
sure step were used for fitting unless there was clear evidence of
measurement error. To assess for potential measurement error in the
laboratory retention experiment error, the water content and hydraulic
conductivity observations, for the same pressure step, were plotted on a
log–log plot and fit with a linear trend line. Hydraulic conductivity
decreases with water content due to less, smaller, and more tortuous
pathways; as such, the expected trend is linear or concave-down. If the
points trended upward or horizontally with decreasing water content,
suggesting that the hydraulic conductivity is maintained or increases
for decreasing water content, the points were removed. Approximately
7% of observations were removed. For cut-over peat and moss layers
below 15 cm, and all moss layers above 15 cm, θ r was set to 0.05 and
0.11, respectively; values were based on averages from Weber et al.
(2017a). Measured values of total porosity (θs) and saturated hydraulic
conductivity (Ks) were used (Taylor and Price, 2015). All observations
were weighted equally and hydraulic conductivity was log-transformed
before fitting, to reduce the numerical difference between water con-
tent and hydraulic conductivity values caused by different units. RETC
uses Marquardt’s maximum neighbour, a local search method, to
minimize the weighted least squares objective function. The objective
function in RETC simultaneously minimizes the residual sum of squares

Fig. A2. Combination plot of all literature values for n, where the points are the average value, and the error bars are the maximum and minimum values reported.
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error for the retention and hydraulic conductivity curves (van
Genuchten et al., 1991). Several authors have noted that local search
methods may converge on a local minimum which is not the global
minimum (Šimůnek and Hopmans, 2002; van Genuchten et al., 1991).
It is recommended to use multiple initial estimates of the parameters
(Šimůnek et al., 2012; van Genuchten et al., 1991). As such, initial
estimates were manually changed to find a reasonable fit based on a
higher relative r2, smaller relative confidence intervals, and a lower
relative objective function value (Tables B.1, B.2). Confidence intervals
for SSL parameters were calculated by RETC during the curve fitting
process.

The second method was inverse modelling, using HYDRUS-1D
v.4.16 (Šimůnek et al., 2009), to fit the soil hydraulic parameters (α, n, l
and m = 1–1/n) simultaneously to the observed field soil moisture data
from Taylor and Price, (2015). Similar to RETC, HYDRUS uses Mar-
quardt’s maximum neighbour method to minimize the weighted least
squares objective function of the simulated and observed soil moisture
(Šimůnek et al., 2009). However, the objective function only considers
water content, and not its relationship with pressure head, see Šimůnek
et al. (2009) for more detailed description of the objective function.
Confidence intervals were calculated by HYDRUS after parameters were
estimated. Inverse modelling was done with data from a transient field

experiment, and hereafter the parameters so derived will be referred to
as TF parameters. Additionally, models that use TF parameters will be
referred to as TF models. Observation nodes were set at depths corre-
sponding to TDR locations in the field. A 20 day subset, between hour
800 and 1280 of the observation period was selected for the calibration
period, between hour 800 and 1280 of the observation period, was
selected for the calibration period to be used for inverse modelling; the
model domain as described below was used. Layers 1–3 in the 1970
profile and layer 1 in the 2006 profile had 480 observations, whereas
layers 2 and 3 in the 2006 profile had 446 and 30, respectively. The
calibration period was selected to encompass a large range of soil
moisture. Initial estimates of the fitting parameters were those de-
termined from SSL parameterization, the bounds of the parameters
space, were informed by literature values (Fig. A.1, A.3). In the 1970
profile, no water content observations were made in the peat layer, so
that no soil hydraulic properties could be determined for this layer.
Therefore, the parameters of the peat layer for 2006 were used. Soil
hydraulic parameters from the calibration period were then used to
simulate soil moisture for the entire 82-day period. The values used for
θr, θs, and Ks were the same as the SSL model.

Fig. A3. Combination plot of all literature values for l, where the points are the average value, and the error bars are the maximum and minimum values reported.

J. Elliott and J. Price Journal of Hydrology 582 (2020) 124489

5



2.4. Model performance

Several error metrics were calculated to assess whether the SSL or
TF parameterization was better at representing the soil moisture ob-
served in the 1970 and 2006 profiles. Calculations were done using
simulated and observed soil moisture for 62 days of the 82-day ob-
servation period to exclude the calibration period. Model performance
was assessed using five statistical metrics: mean absolute error (MAE),
root mean square error (RMSE), mean bias error (ME), Nash-Sutcliffe
efficiency (NSE), and modified Kling-Gupta efficiency (KGE’), such that:
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Fig. 2. Retention curves (Top) and hydraulic conductivity curves (Bottom) for SSL and TF parameters for the laboratory observations and the field observations,
respectively. Points represent observations from the SSL experiment. The vertical lines denote the water content range of the calibration period used for the TF
parameterization.

Table 1
Model parameters and the 95% confidence interval.

Method Plot Depth α (cm−1) α CI n n CI l l CI

TF 1970 2.5 0.47 0.04 1.31 0.01 −5 5.92
TF 1970 7.5 0.06 0.00 1.9 0.05 5 51.5
TF 1970 17.5 0.05 0.00 2.87 0.23 18.38 84.8
TF 2006 2.5 0.26 0.02 1.46 0.02 −4.11 49.92
TF 2006 7.5 0.18 0.02 1.23 0.02 −1.46 11.09
TF 2006 peat 0.93 0.05 1.96 7.84 0.16 141.79
SSL 1970 2.5 1.71 0.91 1.28 0.05 −2.85 1.7
SSL 1970 7.5 0.3 0.12 1.34 0.08 1.1 2
SSL 1970 17.5 0.18 0.11 1.27 0.11 3.87 5.45
SSL 1970 peat 0.08 0.04 1.15 0.06 14.7 15.1
SSL 2006 2.5 2.7 2.2 1.37 0.1 −2.61 1.7
SSL 2006 7.5 0.81 0.6 1.34 0.12 −1.08 2.57
SSL 2006 peat 0.05 0.01 1.17 0.04 17.92 8.38
ALT 1970 2.5 0.28 0.06 1.57 0.08 1.18 1.49
ALT 1970 7.5 0.17 0.04 1.41 0.09 0.03 35.03
ALT 1970 17.5 0.08 0.02 1.52 0.26 2.53 141.67
ALT 2006 2.5 0.26 0.04 1.55 0.06 1.16 1.36
ALT 2006 7.5 0.16 0.03 1.38 0.05 0.01 15.25
ALT 2006 peat 0.01 0.03 1.21 2.03 1.87 2774.77
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where n’ is the number of observed and simulated water content pairs,
and X, X̅, and σ are the samples, means and standard deviations, re-
spectively, for the corresponding subscript, simulated (s), and observed
(o) data. Covso is the covariance between the simulated and the ob-
served. MAE is a measure of average error magnitude, while RMSE is a
more conservative quantification of error where larger errors have
more influence. The ME indicates whether the simulations tends to over
(positive) or under (negative) predict the observations and is expressed
as in original units. Lower values of MAE, RMSE, and ME indicate a
better fit. The NSE is a measures of overall model performance that
compares the performance of the simulation to the performance of the
mean (Nash and Sutcliffe, 1970). KGE' is a multi-objective approach
that combines correlation, simulated-observed mean ratio, and

variability (Kling et al., 2012). Ideal values of NSE and KGE' are unity
and have no lower limit; simulations with values above 0.7 were con-
sidered acceptable. The threshold of 0.7 was selected based on what is

Fig. 3. Time series of observed and simulated soil moisture for all models. The shaded grey area denotes the calibration period. The shaded area around the simulated
soil represents the 95% prediction interval. Both observed and simulated nodes in the peat layer behaved the same; the lower one (17.5 cm depth) was removed for
simplicity.

Table 2
Model error statistics.

Method Plot MAE ME RMSE NSE KGE’ Pearson r

SSL 2006 0.25 −0.25 0.27 −1.4 0.23 0.82
SSL 1970 0.12 −0.11 0.14 0.24 0.63 0.90
TF 2006 0.04 −0.01 0.06 0.89 0.89 0.95
TF 1970 0.04 −0.02 0.05 0.91 0.93 0.96
ALT 2006 0.04 0.00 0.06 0.89 0.83 0.95
ALT 1970 0.06 −0.01 0.07 0.79 0.77 0.90

Table B.1
Initial parameters for curve fitting in RETC and inverse modeling in Hydrus-1D.

Method Plot Depth θr (cm3

cm−3)
θs (cm3

cm−3)
α (cm−1) n Ks (cm

d−1)
l

SSL 1970 2.5 0.11 0.97 0.5 1.56 4699 0.5
SSL 1970 7.5 0.11 0.95 0.04 1.56 6959 0.5
SSL 1970 17.5 0.05 0.94 0.04 1.56 370 0.5
SSL 197 peat 0.05 0.94 0.04 1.56 913 20
SSL 2006 2.5 0.11 0.98 2 1.56 9397 0.5
SSL 2006 7.5 0.11 0.97 20 1.1 7310 −6
SSL 2006 peat 0.05 0.93 0.04 1.56 910 0.5
TF 1970 2.5 0.11 0.97 1.71 1.28 4699 −2.85
TF 1970 7.5 0.11 0.95 0.3 1.34 6959 1.1
TF 1970 12.5 0.05 0.94 0.18 1.27 3703 3.87
TF 1970 peat 0.05 0.9 0.01 1.96 912 0.16
TF 2006 2.5 0.11 0.98 2.7 1.37 9397 −2.61
TF 2006 7.5 0.11 0.97 1.5 1.34 7310 −1.08
TF 2006 peat 0.05 0.9 0.01 1.17 909 17.92
ALT 1970 2.5 0.11 0.97 0.29 1.6 4699 1.24
ALT 1970 7.5 0.11 0.95 0.19 1.45 6959 1.82
ALT 1970 12.5 0.05 0.94 0.09 1.57 3703 1.65
ALT 1970 peat 0.05 0.9 0.01 1.21 912 1.87
ALT 2006 2.5 0.11 0.98 0.29 1.59 9397 1.24
ALT 2006 7.5 0.11 0.97 0.19 1.45 7310 1.82
ALT 2006 peat 0.05 0.9 0.01 1.17 909 17.92
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commonly used in the literature (Crochemore et al., 2015; Moriasi
et al., 2015), for further discussion on the difficulty defining error
metrics see Gupta et al. (2012). All error metrics were computed in R
3.5.0 (R Core Team, 2018) with the hydroGOF package (Zambrano-
Bigiarini, 2017). A residual plot was created to assess the appro-
priateness of the unimodal VGM model. Model performance was only
calculated for the validation period.

2.5. Sensitivity analysis

A one at a time sensitivity analysis was done to assess which
parameters had the greatest impact on model accuracy by individually
increasing and decreasing α, n, and l by 10 steps, incremented by log
(0.15), 0.03, and 0.5, respectively. Intervals were selected to represent
a large portion of the parameter space presented by literature values
(Figs. A.1, A.2, A.3). The sensitivity analysis was done on both profiles
and fitting methods for all fitting parameters on each layer. Further-
more, a sensitivity analysis on the evaporative boundary condition was
done during inverse modelling to assess how a different Priestley-Taylor
alpha value would influence parameter estimation. The Priestly-Taylor
alpha value was increased and decreased by 0.1, 0.2, 0.3, and 0.4 to
represent a range of values that have previously been used in bogs
(Humphreys et al., 2006; Petrone et al., 2004; Price et al., 1998). The
TF parameterization was repeated with an alternate set of initial esti-
mates (ALT) to assess how final parameter estimates would change and
the impact it would have on the overall model fit. The alternate esti-
mates came from the average value of their equivalent depth form
Weber et al. (2017a); initial estimates of the 1970 and 2006 peat layers
were from the 37.5 cm layer.

3. Results

3.1. Parameter estimation

The parameterization using SSL data produced curves that agreed
well with the laboratory observations. All SSL curves had an r2 above
0.8 with the exception of the 1970 – 17.5 layer, which had an r2 of 0.73.
With decreasing pressure head the water content decreased sharply in
the moss layers; whereas the water content in the peat layers decreased
gradually (Fig. 2). Curves produced from TF data (Fig. 2) do not have
comparable points against which to visually judge the fit. However, the
2.5 and 7.5 cm retention curves from TF model showed that drainage
would start at a lower pressure head than the SSL curves. Similarly, the
lowest layers in the TF models (1970 – 17.5 and 2006 – 12.5) started to
drain at a higher pressure head and drained substantially quicker than
their SSL model counterpart (Fig. 2). The hydraulic conductivity curves
from the TF parameterization were higher than those of the SSL para-
meterization, however the 7.5 and 17.5 cm layers for the 1970 profile
decreased sharply around – 10 cm of pressure head (Fig. 2). The esti-
mates of the VGM parameters for the 1970 and 2006 SSL and TF model
parameters differed (Table 1) despite both RETC and HYDRUS re-
porting a good fit during direct curve fitting and inverse modelling,
respectively. The parameter α decreased with depth for both curve
fitting methods and profiles (Table 1). Additionally, parameterization
with TF data yielded α values that had smaller confidence intervals
(<= 0.05 cm−1), as such they were well defined. SSL values of n were
higher in moss layers (~1.32) than cut-over peat (~1.16), whereas
from the trend for TF modelling was the opposite. The 1970 and 2006
SSL, and 2006 TF parameterizations had l values that increased with
depth (−4.11 to 0.16); no trends were present for the 1970 TF para-
meters. The 2006 and 1970 SSL peat layers and 1970 TF 17.5 layer all
had very large l values (> 5). Based on the confidence intervals,
parameter n was generally well defined for all fitting methods
(0.01–0.23), whereas l values fit with the TF data, or the lower layers fit
with SSL data were poorly defined (5.92–141.79). An exception to the
trends presented for the confidence intervals of α and n was the 2006 TF
peat layer, both of which were poorly defined.

3.2. Model performance

Fig. 3 depicts simulated and observed soil moisture over the simu-
lated period for the 1970 and 2006 profiles fit with both methods. Vi-
sually, the TF model fit better than the SSL model, with the poorest fit

Table B2
The upper and lower bounds of the parameter space used during inverse si-
mulation in Hydrus for all layers.

α (cm−1) n l

upper bound 1000 3 5a

lower bound 0 1.001 −5

a For the peat layer l had an upper bound of 20.

Fig. 4. Residual plot of the modeled field scale soil moisture. The most easily observed looped pattern is when the soil moisture increases from the lowest simulated
soil moisture and rises above the other observations; this corresponds with the large wetting event around hour 1500.
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in the top two layers of each profile. Notably, the peat layer of the 2006
SSL model started to drain (hours 1000–1500), yet it did not in the TF
simulation. The TF simulations visually matched the observed much
better; however, both profiles underestimate soil moisture during the
initial period with large soil moisture fluctuations and overestimate
during the driest period.

The mass balance error calculated by HYDRUS was less than 1% for
all simulations. Within each model, the RMSE and MAE were similar; as
such there were no large outliers in model, (Table 2). As mentioned
earlier, the SSL parameters resulted in simulations that poorly matched
the observed data. The RMSE of the TF models was similar to the
threshold of probe error, a water content of ~0.05. The SSL models had
large negative ME and indicates bias in the model; whereas, the ME of
TF models was approximately 0, indicating no bias. The poor perfor-
mance of the SSL models is reflected in low NSE and KGE’; although
both metrics were below 0.7, the KGE’ is notably higher than the NSE.
Conversely the NSE and KGE’ scores for the TF models were both above
0.7. Visually, the residual plots were not randomly distributed (Fig. 4);
suggesting that the model may not account for all processes or prop-
erties (Daniel and Woods, 1980). The 2006 profiles had a distinct peak
in the 2.5 cm layer. All profiles had a distinct pattern in the residuals
which resembles a hysteresis (Fig. 4).

The forward simulation for both profiles and fitting methods were
most sensitive to changes in α and least sensitive to l (Fig. 6). Adjusting
α parameters of the upper layers in the SSL models and the 1970 TF
model reduced the RMSE by up to 0.01 and 0.075 from the original
parameterization. Changes in the parameter l increased or decreased
the RMSE of the TF forward simulation by less than 0.01. Additionally,
the estimates of the soil hydraulic parameters exhibited little sensitivity
to the choice of the Priestley-Taylor alpha within the range of 0.86–1.66
(Fig. 7). Changes in α for the 2006 profile, for a Priestley-Taylor alpha
of 0.96 and 1.66, are likely an artefact of the minimization process
during inverse modelling.

4. Discussion

4.1. The influence of fitting method on parameters

Based on model performance, parameters fitted using empirical
curves from laboratory experiments (SSL parameters) were not able to
simulate soil moisture in the field, despite good agreement with la-
boratory curves. The majority of observed soil moisture values in all
moss layers occurred above the highest moisture measurement used
when fitting SSL data in RETC (Fig. 5). As such, the SSL model under
predicted soil moisture, which is reflected in the low ME and the large
number of negative residuals (Fig. 4). It is possible that the laboratory
parameters poorly represent field conditions because a laboratory
sample may drain beyond the first pressure step of hysteretic effects on
soil moisture when preparing the sample for the experiment such that
the soil moisture is no longer on the main drying curve for the first
pressure step, but between the main drying and wetting curve, on a
scanning curve. A similar discrepancy was proposed by Schelle et al.
(2013) when comparing retention curves from evaporation experiments
and suction plates in sandy soils. When laboratory observations of the
θ-ψ curve are overlain on θ-ψ curve from the field (where pressure head
is estimated from water table depth), generally laboratory observations
align with the wetting/scanning curves of the estimated field retention
curve (Fig. 5). This suggests that the modified retention disk method
captured a scanning curve far removed from the main drying curve. It
would not be unreasonable to assume similar limitations using pressure
cells (e.g. Moore et al., 2015). Although pressure head in the field was
not measured, it can be estimated from the water table level as a linear
1:1 decrease with height above the water table. Pressure head may
deviate from the 1:1 equilibrium line by increasing and decreasing
during precipitation and evaporation, respectively. During precipitation
field observations which represent wetting would shift towards that the
observed laboratory observation whereas those representing drying
would further deviate from laboratory observations. Alternatively, the
samples taken may not be representative of field conditions due to the
small sample size. However, other studies that parameterized α using
data from the original and modified retention disk experiment had VGM

Fig. 5. Observed SSL and assumed TF θ-ψ relationships. Superposition of laboratory retention curves on field retention curves for each layer. Pressure of the field
observations is assumed from the depth of the water table below the soil moisture observation point. Layer 3 of the 2006 probe has fewer observed field data because
soil moisture was recorded manually and not logged.
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parameter estimates similar to this study (Gauthier et al., 2018;
Golubev and Whittington, 2018; McCarter and Price, 2015; Price et al.,
2008; Price and Whittington, 2010).

The α parameter consistently decreased with depth for both fitting
methods and profiles, which matches virtually all literature trends (Fig.
A.1; Moore et al., 2015). Although α is strictly a fitting parameter
(Peters et al., 2011), it approximates the inverse of the air-entry pres-
sure; larger values result in drainage occurring at pressures closer to
zero. Decomposition and compression decreases the number of large
pores and increase bulk density, which has been found to be inversely
related to α. As such, a smaller α value is expected with depth, espe-
cially in the older cutover peat, because it is highly decomposed and
much denser (Bloemen, 1983; Moore et al., 2015; Sherwood et al.,
2013; Weiss et al., 1998). Additionally, the α parameter was notably
different depending on the method of parameterization. The α values
from SSL parameterization were higher than those from TF para-
meterization because soil moisture observations in the SSL experiment
were lower than those of TF experiment at equivalent pressure head
(Fig. 5); however, they were well within the range of literature values
(Fig. A.1). This is due largely to the difference in water content at
equivalent pressure head in the data used for parameterization between
the two methods (Fig. 5). If other steady-state experiments reported in
the literature were also subject to large drainage after saturation and
before the experiment began, αmay be overestimated because the curve
was fit to observations akin to a scanning curve rather than the main
drying curve. Although the parameter estimations were not

unreasonable, the SSL α values had large confidence intervals (Table 1).
Conversely, the moisture content during the TF calibration period in-
cluded saturation for all layers with the exception of 1970 – 2.5, which
would suggest that α should be more reliable. The confidence intervals
for all TF layers were very small, suggesting that the parameters are
more identifiable. The 2006 TF peat layer (12.5 cm layer) was the ex-
ception; this is most likely due to the extremely narrow range of soil
moisture that it experienced. The water table was on average 14 and
17 cm below the surface with a standard deviation of 6.7 and 8.9 cm for
the 1970 and 2006 plots, respectively. As such the large ME for SSL
models is most likely due to drainage occurring close to zero pressure
head. The superior fit to TF experiments for the parameter α was further
demonstrated during rain events (Fig. 3). The simulated soil moisture in
the TF models is generally maintained after a precipitation event and
matches the observed drying, whereas the simulation with SSL derived
parameters shows ad immediate desaturation after precipitation stops
(Fig. 3). The quick drainage associated with α, after precipitation, in the
SSL models is likely what contributes to the low ME values. Model fit
has been found to be most sensitive to α in this study (Fig. 6) and others
(Kettridge et al., 2016; Weiss et al., 1998); as such accurate char-
acterization of α is important.

Unlike α, the parameter n was very well defined for the SSL models
(Fig. 6); this is most likely due to the majority of the laboratory ob-
servations being within the moisture range where drainage occurs.
Assuming that the SSL experiment captured a scanning curve, rather
than the main drying curve, there is reason to believe that the

Fig. 6. Sensitivity Analysis of all profiles and methods for all fit parameters. Trends in α were stable as such it was limited to values below 1000 for clarity.
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parameter n should still be reasonably accurate. Implementations of
models that include hysteresis assume that n is equal for the wetting
and drying branch of the retention curve (Šimůnek et al., 2009). Thus,
it is reasonable to extend the assumption, of n being the same during
wetting and drying conditions, to include scanning curves as well. The
appropriate rate of drainage is reflected in the high r2 for the RETC
models; 0.9 and 0.82 for 1970 and 2006, respectively. The parameter n
is associated with the range of the pore size distribution; larger values
represent a narrower pore-size distribution, which results in rapid
drainage after air-entry (Peters et al., 2011). Literature values for n
from direct curve fitting and inverse modelling generally decreased
with depth; values from both SSL parameterizations were consistent
with the trends (Fig. A.1). Despite the TF model fitting well and values
within range of the literature, it produced n values that were incon-
sistent with depth, likely due to an insufficient soil moisture range
during calibration. The function of the parameter l in the VGM is to
control how quickly hydraulic conductivity decreases with pressure
beyond air-entry (Mualem, 1976; Peters et al., 2011), where negative
values result in a more gradual decrease in hydraulic conductivity
(Gnatowski et al., 2010). The parameter l is related to pore-connectivity
and tortuosity under unsaturated conditions, but is widely believed to
have no meaning (Ghanbarian et al., 2013; Peters et al., 2011; Schaap
and Leij, 2000). The forward simulations were not sensitive to changes
in l, especially in lower layers, which was generally a poorly defined
parameter (Fig. 6). In particular, SSL estimates for 1970 and 2006 peat
layers and the 17.5 cm layer form the 1970 profile were far beyond
what has previously been reported in the literature (−5 to 5; Fig. A.1).
It is likely that the range of measurements does not contain the required
information to accurately predict l. Additionally, the majority of lit-
erature values from direct curve fitting were all negative (Fig. A.3),
notably foundational work done by Price et al. (2008) and McCarter
and Price (2014). Dettmann et al. (2014) suggests that l is not a sen-
sitive parameter during saturated conditions where the pressure head of
a Sphagnum moss profile is above −200 cm. The range of pressure head
experienced during the calibration period was greater than the
−200 cm threshold, which supports the idea that inadequate in-
formation was available. As such, l should simply be considered a fitting

parameter, regardless if it is positive or negative. Given its low sensi-
tivity, it would be reasonable to fix l to reduce complexity of direct
curve fitting or inverse modelling.

4.2. Did the model actually fit?

The parameters fit with data from an SSL experiment were not able
to simulate the observed soil moisture well at any depth (Fig. 3). Fur-
thermore, the RMSE, MAE, and ME of each SSL model is approximately
the same within each profile, which suggests that the simulation of soil
moisture was poorly predicted systematically (Table 2). As in the study
by Schwärzel et al. (2006a), the SSL models under-predict soil moisture,
which is most likely a consequence of the high α parameter values.
Furthermore, α was found to be a sensitive parameter in this study, and
by Weiss et al. (1998). Discussion by Schelle et al. (2013) and Golubev
(2018) suggest that samples may not be fully saturated for all steady-
state laboratory experiments (tension disk and pressure cell) because
drainage may occur before the sample is in the measurement device.
This is supported by the difference between α estimates fit to steady-
state and transient experiments (Fig. A.1).

The RMSE of the TF models matched the error threshold of the TDR
probes (~0.05), which was substantially better than the SSL models.
Inverse modelling of field lysimeter experiments conducted by
Schwärzel et al. (2006a) also estimated parameters that were better
able to simulate field observations of soil moisture than parameters
from laboratory derived retention curves. Their parameters from in-
verse modelling of transient laboratory (TL) evaporation experiments
also performed substantially better than steady-state experiments
(TF > TL ≫ SSL) (Schwärzel et al., 2006a). The TF model used here
did not perform well during rain events (e.g., hours 1400–1600) and
under-predicted soil moisture; although Schwärzel et al. (2006b) had
the opposite problem, soil moisture was over-estimated. It was possible
that this could be due to the difference in estimates of α, which reflects
an air-entry pressure that is not representative of wetting and drying
processes. Parameters from inverse modelling were also unable to de-
scribe soil moisture beyond the calibration range; Schwärzel et al.
(2006a) reported similar difficulties predicting beyond the calibration.

Fig. 7. Sensitivity analysis of parameters during inverse simulation to the transient field data. The parameter l was excluded because the data range was not sufficient
to adequately define it.
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The observed shortfalls may be a result of missing soil hydraulic
processes or properties, as is suggested by non- random distribution of
the residuals, distinct patterns were observed (Fig. 4). The TF simula-
tion over-estimate moisture in the dry range and under estimated
moisture near saturation. Furthermore, the distribution of points where
soil moisture was over estimated (below the dashed line) appeared to
follow a looped pattern, in a clockwise direction (Fig. 4). Additional
process and properties, such as hysteresis and dual porosity, respec-
tively, may need to be accounted for. Hayward and Clymo (1982) have
remarked on the dramatic effect that hysteresis can have on water
content; since then several authors have observed it when building
retention curves from laboratory experiments (da Silva et al., 1993;
Londra, 2010; McCarter and Price, 2014; Naasz et al., 2005; Price and
Whittington, 2010). Likewise, Taylor and Price (2015) observed hys-
teresis with the dataset used for this study when plotting soil moisture
in the top 5 cm against water table depth. If hysteresis is a process that
is not accounted for within the calibration period, then α would re-
present an aggregate of the wetting and drying cycles rather than the
actual main drying curve.

Hayward and Clymo (1982) highlight two major pore systems: the
matrix created by overlapping branches, and the pores of individual
cells. As such, the assumption of unimodality of the pore-size dis-
tribution in the VGM would be violated, as suggested by Price et al.
(2008). Dettmann et al. (2014) found evidence of a second pore domain
at ~−400 cm of pressure, which coincides with the range of pressures
at which hyaline cells drain (Lewis, 1988). Pressures observed in this
study are insufficient to drain hyaline cells; which would suggest a
single porosity model should suffice. Alternatively, Weber et al.
(2017b) found evidence of a triple porosity model where the first pore
domain was encompassed by a pressure head between 0 and −10 cm.
The non-normal distribution of the residual from the 2006 TF model,
notably the 2.5 cm layer, could suggest that a dual porosity model may
better describe the soil water retention curve (Fig. 4). Further in-
vestigation is required. The methods used for the SSL experiment did
not produce a dataset which was granular enough to assess bimodality
near saturation.

4.3. Limitations and error

Parameterization from SSL and TF modeling experiments can be
restricted by a limited observation range to which they were fit, com-
promising realism and accuracy (Šimůnek et al., 2009; van Genuchten
et al., 1991). The narrow range of θ-ψ observation was a major lim-
itation to confidently estimating parameters in this study. Aside from
potential methodological errors in steady -state laboratory experiments,
the pressure head is limited to a range where moss is not stressed
(Hayward and Clymo, 1982). A restricted pressure head range is not an
issue for managed systems (e.g. Sphagnum fibre farming), however, it
would be important for predictions where the pressure head range is
unknown (e.g. drought). Similarly, curve fitting in the lower layers of
the TF models suffered from being fit to a small range of observations
and was reflected in the increasing magnitude of the confidence inter-
vals with depth. Laboratory evaporation experiments may be best
suited to build retention curves because large portions (Dettmann et al.,
2014), or the entire moisture range can be captured (Schelle et al.,
2013; Weber et al., 2017b).

Curve fitting using RETC and HYDRUS is limited by the estimation
algorithm, it is recommended that several initial conditions are used to
properly estimate parameters (Šimůnek et al., 2009; van Genuchten
et al., 1991). A thorough exploration of the impact of initial conditions
was not done due to the complexity associated with estimating para-
meters for a multi-layered system. Daniel and Woods (1980) re-
commend when using a local solver, initial parameter estimates should
approximate the real value, as such different initial conditions based on
newly and previously estimated parameters were compared. Two sets of
initial estimates were assessed, the first were the parameter estimates

from RETC, the second were from inverse modelling of evaporation
experiments (ALT) by Weber et al. (2017b). Estimates of α remained
similar between the ALT and TF parameterizations; however, ALT va-
lues had more uncertainty (Table 1). Additionally, the estimates of n
from the ALT model were more realistic and decreased with depth, as is
expected with an increase in bulk density (Moore et al., 2015;
Sherwood et al., 2013). The largest difference was in the pore con-
nectivity parameter l. ALT parameters were all positive and had a much
smaller range, notably the 1970 profile. Despite the ALT parameters
being more reasonable than the TF parameters, the confidence intervals
were equally large. The MAE, ME, RMSE, NSE, and KGE’ of the 2006
ALT model were virtually identical to the 2006 TF model. Alternatively,
the error metrics of the 1970 ALT model showed that it performed
worse than 1970 TF model (Table 2). Multiple sets of parameter sets
which result in an acceptable fit supports the idea that the model is ill-
posed, as is suggested by Šimůnek et al. (2009) when simultaneously
fitting 15 parameters. In the absence of additional evidence several
parameter sets may produce an acceptable prediction (Beven, 2006,
1993); as such, model predictions would be acceptable within the ca-
librated range. Using global search methods would better be able to
explore the parameter space (e.g. Weber et al., 2017a; b).

5. Conclusion

The objective of this study was to determine which method led to a
parameter set which most accurately described the soil moisture dy-
namics at the field-scale, when determined by direct curve fitting to SSL
experiments or inverse modelling to TF observations. SSL parameters
consistently underestimated soil moisture in the field, despite being in
agreement with literature values. Parameters estimated, using inverse
modelling, were adequately able to describe field-scale soil moisture;
however, the fit was generally poor when simulated soil moisture ex-
ceeded the observed range used for calibration. As such the use of
parameters determined with TF simulations would be more useful for
predicting soil moisture in managed peatlands where extreme condi-
tions are not allowed to go beyond the calibration, such as Sphagnum
fibre farming. In order to predict soil moisture in a more robust manner
a different model that accounts for other processes and properties may
be required. The non-random distribution of the residuals alludes to
other processes and properties that should be considered, such as hys-
teresis and multiple pore domains. Parameterization of peatland soil
water retention, with the goal of predicting soil moisture under a large
variety of condition, should be done with deliberate laboratory or field
evaporation experiments where a large range of soil moisture can be
observed. However, if the intended use of the model is for managing
Sphagnum fibre farming operations or other scenarios where the water
table is maintained near the surface, a limited calibration, like the one
used in this study, is acceptable.
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