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A B S T R A C T   

Determination of soil organic carbon stocks in peat soils is of major importance for prioritization and evaluation 
of mitigation measures. This requires the accurate assessment of bulk density, which is commonly undertaken by 
measuring the oven-dry weight of a volume-based sample. Sample rings (steel cylinders) are widely used and 
have become the method of choice. If sample rings cannot be taken (e.g. in deep peat layer), sampling needs to be 
performed with other sampling devices. The aim of this study is to evaluate the accuracy and precision of 
different sampling devices in determining bulk density and total peat masses of the entire peat profiles down to 
mineral soil. Four sampling devices (driving hammer device with a sheath probe, gouge auger, Russian corer and 
Wardenaar corer) were compared with sample rings at one bog peat site and one fen peat site. The gouge auger 
and Russian corer – the only sampling devices in this study applicable for depths below approximately − 1 m – 
were also compared with one another. 

The results varied depending on peat type and horizon characteristics. Sample rings and the driving hammer 
were the only sampling devices that could be used to sample the amorphous or aggregated peat of the upper, 
unsaturated part of the profiles. However, samples taken with the driving hammer significantly underestimated 
bulk densities and thus caused a high systematic error of − 0.068 g cm− 3. In the sampling depths with slightly to 
moderately decomposed peat, bulk density values determined with the driving hammer, gouge auger and 
Wardenaar corer were not significantly different from the data acquired using sample rings. At these depths, all 
the sampling devices had low systematic errors, with − 0.002 g cm− 3 for the gouge auger, 0.005 g cm− 3 for the 
driving hammer, − 0.006 g cm− 3 for the Wardenaar corer and 0.012 g cm− 3 for the Russian corer. The Russian 
corer caused an overestimation of bulk density in the unsaturated sampling depths, whereas in the saturated 
sampling depths, the values were similar to those determined with the gouge auger. Total peat masses deter
mined using the tested sampling devices differed only slightly. As those devices which can acquire samples from 
the amorphous or aggregated horizons are not suited for deep peat profiles, a combination of different devices 
will be necessary for determining bulk density and thus soil organic carbon stocks at many peatland sites. We 
could show that this is a reliable approach when considering site-specific conditions.   

1. Introduction 

Peat soils are characterised by large amounts of soil organic carbon 
(SOC). Although peatlands cover only approximately 3 % of the global 
land surface (Tubiello et al., 2016; Leifeld and Menichetti, 2018), they 
are the ecosystems with the world’s largest SOC stocks and thus have a 
major impact on the global C cycle (Yu et al., 2010). Peatlands are 
commonly defined on a hydrological basis. Bogs are ombrotrophic 
(rainfed) and fens are minerotrophic (groundwater-fed) (du Rietz, 
1954). Peat mosses of the genus Sphagnum are the major peat forming 

species in bogs, while the vegetation of fens is more diverse comprising, 
among others peat and brown mosses, sedges and reed (Gorham, 1957). 
Due to drainage for agriculture and forestry, peatlands have become 
globally relevant sources of greenhouse gases (GHG) (Tubiello et al., 
2016; Leifeld et al., 2019), mainly carbon dioxide (CO2) (Frolking et al., 
2011). In the light of accelerating climate change, rewetting measures to 
mitigate these emissions are urgently required (Günther et al., 2020). 
Repeated measurements of SOC stocks are one of the established 
methods to determine SOC losses (Simola et al., 2012). Further, for 
prioritizing and evaluation of mitigation measures the determination of 

* Corresponding author at: Thünen Institute of Climate-Smart Agriculture, Bundesallee 65a, 38116 Braunschweig, Germany. 
E-mail address: ullrich.dettmann@thuenen.de (U. Dettmann).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Geoderma 

journal homepage: www.elsevier.com/locate/geoderma 

https://doi.org/10.1016/j.geoderma.2022.116132 
Received 22 July 2021; Received in revised form 9 August 2022; Accepted 23 August 2022   

mailto:ullrich.dettmann@thuenen.de
www.sciencedirect.com/science/journal/00167061
https://www.elsevier.com/locate/geoderma
https://doi.org/10.1016/j.geoderma.2022.116132
https://doi.org/10.1016/j.geoderma.2022.116132
https://doi.org/10.1016/j.geoderma.2022.116132
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geoderma.2022.116132&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Geoderma 427 (2022) 116132

2

SOC stocks and/or SOC stock changes is necessary (Agus et al., 2011). 
However, this requires accurate measurements of bulk densities (BD) 
down to mineral soil in order to calculate SOC stocks by multiplying SOC 
contents by the thickness of the respective soil layer and BD (Batjes, 
1996). 

Bulk density is commonly determined by measuring the oven-dry 
weight of a volume-based sample. Sample rings (steel cylinders) are 
widely used and have become the method of choice, following the in
ternational standard DIN EN ISO (2001). Besides sample rings, several 
core samplers are available that are either driven into the soil by a 
driving hammer or by hand. All devices aim to take a defined volume of 
an intact soil core. In mineral soil research, driving hammer devices, e.g. 
a sheath probe (Nordmeyer Geotool GmbH, Germany), window probe 
(Eijkelkamp, Netherlands) or liner probe (Carl Hamm GmbH, Germany), 
are popular (Don et al., 2007, Schrumpf et al., 2011, Walter et al., 2016). 
For peat soils, hand-driven devices such as the gouge auger (Eijkelkamp, 
Netherlands), Russian corer (Belarussian corer) (Belokopytov and 
Beresnevich, 1955; Jowsey, 1966, Agus et al., 2011) and Wardenaar 
corer (Wardenaar, 1987) are more popular. Shotyk and Noernberg 
(2020) provide an excellent overview of the different peat corers and 
their historical development. 

Although these different sampling devices exist, volume-based 
sampling is difficult and additional challenges are posed by the spe
cific properties of peat soils. First, depending on the original plant 
composition, the degree of decomposition and the degree of secondary 
pedogenetic transformation, the properties of peat soils are highly var
iable. For example, Zaccone et al. (2018) found BD down to 0.024 g 
cm− 3 in a living sphagnum layer, while Wittnebel et al. (2021) found BD 
values of between 0.06 g cm− 3 and 0.75 g cm− 3 for bog and fen peat soils 
under agricultural use in Germany. Second, the consistency of the ma
terial can be very diverse depending on decomposition and the moisture 
status. Peat has a non-rigid matrix, and slightly decomposed peat in 
particular is very soft and easily compressible (O’Kelly and Pichan, 
2013). In contrast, horizons in drained peatlands with a low water 
content may show strong aggregation or become single-grained in 
structure (Okruszko and Ilnicki, 2002). Third, if repeated measurements 
of SOC stocks are planned, sampling of the whole peat profile will be 
necessary (Wittnebel et al., 2021). Due to mineralisation and shrinkage, 
the peat volume does not remain constant over time, and thus a 
correction of SOC stocks to “constant mass”, as frequently applied for 
mineral soils (Ellert and Bettany, 1995), is not possible. 

The high variability of peat soils and peatlands requires the selection 
of a coring device that is appropriate for the respective peat soil prop
erties and thickness of the peat profile. Sample rings have the advan
tages that the sampling protocol follows an international standard (DIN 
EN ISO, 2001) and that the height of the sample ring does not exceed the 
diameter, which is desirable to minimise the effect of disturbed soil 
interfacing the cylinder wall (Blake and Hartge, 1986). However, sam
pling requires a soil pit to be dug, which is time consuming and in 
greater depths challenging or even impossible. Further, in natural or 
near-natural peatlands, where the topsoil is dominated by a transition 
from living plants to very slightly decomposed fibrous peat, sampling 
with sample rings may present a challenge or may not even be possible. 
The Wardenaar corer (Wardenaar, 1987) has been specifically designed 
for such conditions (De Vleeschouwer et al., 2010). However, it might 
fail to sample unsaturated highly decomposed amorphous and aggre
gated peat at drained sites. It is also limited to a sampling depth of one 
metre. As in case of sample rings, this hampers sampling in greater 
depths, which is possible with a gouge auger or Russian corer. Still, these 
devices might not be able to sample slightly decomposed fibrous or 
highly decomposed amorphous and aggregated peat soil. Hence, a 
combination of different sampling devices might be a good option for 
covering different conditions of peat horizons from the surface down to 
the mineral soil. For example, Shotyk and Noernberg (2020) recommend 
the combination of the Wardenaar and Russian peat corers for trace 
element research. However, combining sampling devices requires that 

the BD values of samples obtained by these devices are not significantly 
different. In single-site studies, biases caused by a certain device might 
not be that problematic, but when attempting to determine the SOC 
stocks of a wide range of peatland types, for example in monitoring 
programmes, comparability is essential. To date, the accuracy in 
determining BD with a driving hammer device, gouge auger, Russian 
corer or Wardenaar corer has not been systematically evaluated and 
compared with sample rings, although the Russian corer in particular is 
widely used and recommended for taking volume-based samples (De 
Vleeschouwer et al., 2010; Agus et al., 2011; Wellock et al., 2011; 
Chimner et al., 2014). 

Here, we present the first systematic comparison of different sam
pling devices based on extensive sampling campaigns at one bog peat 
site and one fen peat site. The aims were to: (1) investigate the appli
cability of different sampling devices for the acquisition of volume- 
based samples from peat soils with different degrees of decomposition, 
secondary pedogenetic transformation and moisture statuses, (2) 
determine eventual differences in the estimation of total peat masses 
over the whole profile down to the mineral soil caused by the different 
sampling devices and (3) identify the accuracy and precision of BD 
determined from samples taken with the different devices to derive 
recommendations for the choice of sampling devices. A driving hammer 
with a sheath probe, a gouge auger, a Russian corer and a Wardenaar 
corer were compared with sample rings as reference method. Addi
tionally, the gouge auger and Russian corer were compared for greater 
depths from which no sample rings could be taken. 

2. Materials and methods 

2.1. Site description 

The different sampling devices were compared at a fen peat site 
(53◦20′56.0′′ N, 8◦58′39.0′′ E) and a bog peat site (53◦23′31.7′′ N, 
9◦03′00.6′′ E) under grassland use in Lower Saxony, Germany. Following 
the World Reference Base for Soil Resources (IUSS Working Group WRB, 
2015) the fen peat site was classified as “Rheic Drainic Hemic Histosol” 
and the bog peat site as “Ombric Drainic Fibric Histosol”. At each site a 
− 1.0 m (fen peat site) and − 1.2 m (bog peat site) deep and 19.2 m long 
soil pit was dug and separated into 12 segments each 1.6 m long. The soil 
horizons of the profiles were mapped in accordance with the German 
soil classification system (Ad-hoc-AG Boden, 2005) in every segment. 
The degree of decomposition was determined according to the von Post 
scale, which is based on the consistency of plant remains and soil water 
colour (von Post, 1922). 

The upper horizons at both sites were characterized by amorphous 
peat. Below, the bog peat site was dominated by Sphagnum peat and the 
fen peat site by peat mainly composed of brown mosses and sedges. The 
basic descriptions of the soil profiles are given in Table 1 for the fen peat 
site and in Table 2 for the bog peat site. Soil organic carbon concen
trations were determined by dry combustion (RC 612/TRUMEC, LECO 
Corporation, St. Joseph, USA) from separate samples taken from the 
profile wall in segment 1. The depths of the horizons were mean values 
and standard deviations determined for the 12 segments of the soil 
profile. 

2.2. Sampling devices 

The study was conducted with five different sampling devices: 
sample rings, a driving hammer (sheath probe, Eijkelkamp, 
Netherlands), a gouge auger (Eijkelkamp, Netherlands), a Russian corer 
(Belokopytov and Beresnevich, 1955; Jowsey, 1966) and a Wardenaar 
corer (Wardenaar, 1987). Photographs of these devices can be found in 
the Appendix. 

All sampling devices have different sample volumes and geometries. 
The sample rings are designed with a sharpened lower edge and have the 
smallest volume with 244.29 cm3 (height: 6 cm, diameter: 7.2 cm), 
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followed by the Russian corer with a volume of 340 cm3 (core length of 
50 cm). The Russian corer is self-built and consists of a halved steel 
cylinder with a rotating steel blade and a sharpened end. Details can be 
found in Belokopytov and Beresnevich (1955) and Jowsey (1966). The 
gouge auger has the shape of a halved dodecagon and a volume of 1760 
cm3 (core length 100 cm; diameter 5.7 cm) and the driving hammer has 
a cylindric shape with a volume of 2827 cm3 (core length 100 cm, inner 
diameter 6 cm). The Wardenaar corer takes cuboid samples (100 
cm ⋅ 10 cm ⋅ 12 cm) and is the sampling device with the larges sample 
volumes (12000 cm3). It consists of two opposite half-casings with 
curved cutting edges at the base held together by hinges. The hinges can 
either lock both half casings together or be loosened in order to alter
nately control each half. A detailed description can be found in War
denaar (1987). 

The maximum sampling depths varies for the different sampling 
devices. For the sample rings it is limited to the depth of the soil pit and 
for the driving hammer and Wardenaar corer to their respective core 
length of 1 m. The gouge auger and the Russian corer are the only 
sampling devices in this study allowing sampling in greater depths, as 
they can be extended with additional rods. 

2.3. Soil sampling 

Sampling was conducted at the driest time of the year (September), 
and groundwater levels were therefore around –1.05 m and − 0.75 m at 
the bog and fen peat site, respectively. At the fen peat site, sampling was 
performed horizon-wise over the complete profile depth from − 0.03 to 
− 1.05 ± 0.03 m. It should be noted that no sampling was performed 
from 0.00 to − 0.03 m due to an extremely densely rooted layer that was 
removed before sampling. At the bog peat site, sampling was performed 
horizon-wise from 0.00 to − 1.00 m. For greater depths, samples were 
taken at depth increments, e.g. from − 1.00 to − 1.25 m, − 1.25 to − 1.50 
m, and − 1.50 to − 2.00 m, continuing with 0.50 m steps down to the 
mineral soil. As horizon-wise and depth increment-wise sampling was 
combined within one soil profile, further reference is made to “sampling 
depth” with an increasing number, e.g. F-D1, F-D2, F-D3 and F-D4 for 
the fen peat site and B-D1, B-D2, B-D3, etc. for the bog peat site. 

Table 1 (fen peat site) and Table 2 (bog peat site) show the sampling 
depths that are assigned to a horizon or depth increment. At the fen peat 
site, the horizon between − 1.05 m and − 1.20 m was only found in one 
segment and merged into sampling depth F-D4. At the bog peat site, 
horizons 1 and 2 were merged into one sampling depth (B-D1) because 
horizon 2 did not fulfil the minimum thickness criterion (~7 cm) 
throughout the entire 19.2 m-long soil profile. Furthermore, horizon 2 
could not be found in all segments. Horizon 3 had varying von Post 
values from 2 to 4. 

The sample rings were taken at both sites from the profile wall down 
to a depth of approximately − 1 m (fen peat site) and − 1.25 m (bog peat 
site). At every sampling depth, six sample rings were carefully inserted 
vertically into the soil. The whole sample was then excavated. After 
collection and careful cutting of protruding material using scissors and 
serrated knives, the peat was removed from the sample rings into 
separate plastic bags and stored at 6 ◦C. Depending on the thickness of 
the sampling depth, sample rings were taken from one, two or three 
depths within one sampling depth (Fig. 1). 

Sampling with a driving hammer, gouge auger, Russian corer and 
Wardenaar corer was performed approximately 0.50 m behind the 
profile walls with the different sampling devices in randomised posi
tions (Fig. 2). In every segment, the sampling positions were at a dis
tance of 0.2, 0.6, 1.0 and 1.4 m along the profile wall. In the case of the 
gouge auger and Russian corer, samples were taken stepwise, alter
nating between two parallel holes with a distance of ±0.1 m from the 
original sampling position (e.g. for the sampling position at 0.2 m, the 
two parallel holes were at 0.1 and 0.3 m etc.). Each soil core was cut 
according to the sampling depth (determined either by horizon or depth 
increment) and the material stored in plastic bags. Ta
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Table 2 
Soil profile descriptions of the bog peat site. Lower depth of the mapped horizons (mean value and standard deviation of the 12 segments), peat type (botanical origin), degree of decomposition after von Post, soil organic 
carbon (SOC) content, horizon characteristics, name of sampling depth (D), lower depth of sampling depth (mean value and standard deviation), sampling devices used per sampling depth and statistical model (see Section 
2.4.2).  

Lower depth of the 
horizon [m] 

Peat type [–] Von Post [–] SOC 
[%] 

Horizon characteristics [–] D [–] Lower depth of D 
[m] 

Sampling devices [–] Model 
[–] 

− 0.08 ± 0.02 Amorphous 10 46.3 Earthified crumbly structure, 
ploughed 

B-D1* − 0.15 ± 0.03 Sample rings, driving hammer M1 

− 0.15 ± 0.03 Amorphous peat mixed with 
Sphagnum,  
some dwarf shrub and cotton 
grass remains 

10 partially mixed 
with 2–4 

– Alternating saturated–unsaturated 
conditions,  
partially ploughed and a mix of the 
upper  
and lower horizons 

− 0.79 ± 0.06 Sphagnum, some dwarf shrub 
remains 

2 – 4 52.4 Alternating saturated–unsaturated 
conditions 

B-D2* − 0.79 ± 0.06 Sample rings, driving hammer, gouge auger, Russian 
corer, Wardenaar corer 

M2, M3 

− 1.17 ± 0.16 Sphagnum, some dwarf shrub 
remains 

2 55.0 Permanently saturated conditions B-D3* − 1.00 ± 0.00 Sample rings, driving hammer, gouge auger, Russian 
corer, Wardenaar corer 

M2, M3 

54.9 B-D4** − 1.25 ± 0.00 Sample rings, gouge auger, Russian corer M2, M3 
– B-D5** − 1.5 ± 0.00 Gouge auger, Russian corer M3 − 1.30 ± 0.07 Sphagnum with cotton grass and 

some  
dwarf shrub remains 

5 Permanently saturated conditions 

< − 1.30 Sphagnum 7 Permanently saturated conditions 
− 4.00 Sphagnum 7–8 – Permanently saturated conditions B-D6**, 

B-D7**, 
B-D8**, 
B-D9**, 
B-D10** 

− 2.0 ± 0.00, 
− 2.5 ± 0.00, 
− 3.0 ± 0.00, 
− 3.5 ± 0.00, 
− 4.0 ± 0.00 

Gouge auger, Russian corer M3 

* sampling depths according to horizon boundaries. 
**sampling depths according to fixed depth increments. 
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The cores of the driving hammer device (sheath probe, Eijkelkamp, 
Netherlands) were driven into the soil by an electric percussion hammer 
(Wacker EH 23, Wacker Neuson). During insertion, a polyethylene tube 
inside the cylinder unrolled around the soil. The cores were extracted 
using a hydraulic extractor (Eijkelkamp, Netherlands). The total core 
length and depth of the sample hole were recorded and cores were 
corrected linearly for compression or stretching. Afterwards, the poly
ethylene tube was unwrapped and samples were stored in plastic bags. 
The field setup of the driving hammer device was the same as that 

referred to as a “sheath probe” by Walter et al. (2016). 
For sampling with the gouge auger (Eijkelkamp, Netherlands), the 

corer was pushed manually into the soil and then rotated in order to 
excavate the soil. The soil cores were taken at overlapping depths from 
two parallel holes, i.e. for the depths of 0.1 to 1.1 m from hole 1, 0.9 to 
1.9 m from hole 2, 1.7 to 2.7 m from hole 3 etc. (see graphical abstract). 
From every-one-metre long sample, the first and last 0.1 m were 
removed to avoid edge effects, leaving a sample with a length of 0.8 m. 

The Russian corer was pressed manually into the soil, as well. By 
rotating the corer, the soil was filled into the chamber and closed in. 
Details can be found in Belokopytov and Beresnevich (1955) and Jowsey 
(1966). In contrast to the gouge auger, the samples were not taken from 
overlapping depths between the two alternating holes since the whole 
core was taken for analysis as it is considered to be fully undisturbed. 

The Wardenaar corer (Eijkelkamp, Netherlands) was pushed into the 
soil with locked hinges. As soon as the resistance became too great, the 
hinges were loosened and the two half casings were pushed in turn into 
the soil. After the corer was inserted 1 m into the soil, it was excavated. 

After sampling, every sample was carefully checked for any sign of 
damage, edge effects or an irregular shape. If in any doubt, sampling was 
repeated. Sampling could not be performed with all sampling devices in 
all sampling depths. At sampling depths with the highly decomposed 
amorphous and aggregated peat (B-D1, F-D1 and F-D2), samples could 
only be taken with the sample rings and the driving hammer. In greater 
sampling depths, samples could only be taken with gouge auger and 
Russian corer. At the fen peat site, no samples could be taken with the 
Wardenaar corer because the peat was too compacted. Tables 1 and 2 
show which sampling devices were used at which sampling depths. 

Fig. 2. Sampling positions and depths for the samples taken with the driving hammer, gouge auger, Russian corer and Wardenaar corer from the 12 segments of the 
bog soil profile. Sampling depths are depicted with dashed lines. They were determined from 0.00 to − 1.00 m by the soil horizons and from − 1.00 to − 3.50 m by 
fixed depth increments. All samples were taken approximately 0.50 m behind the profile wall. Randomized sampling positions for the four sampling devices in every 
segment were at a distance of 0.2, 0.6, 1.0 and 1.4 m along the profile wall. Soil cores with a gouge auger and Russian corer were taken from two parallel holes ± 0.1 
m from these positions (e.g. at 0.1 m and 0.3 m for the sampling position at 0.2 m etc.). 

Fig. 1. Schematic illustration of the vertical and horizontal sampling positions 
of the sample rings at the fen peat site. Dashed lines show the mean horizon 
depths and the grey areas show the standard deviation of the horizon depth. 
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2.4. Data analyses 

All the data analyses were performed using the statistical software 
package R (R Core Team, 2020). The data set comprised 947 BD data 
points (driving hammer: 84, gouge auger: 131, Russian corer: 132, 
sample rings: 576, Wardenaar corer: 24): 563 from the bog peat site and 
384 from the fen peat site. 

Seventeen outliers (driving hammer: 1, gouge auger: 6, Russian 
corer: 3, sample rings: 7) were identified by visual checks on dot plots 
and histograms and confirmed by Grubbs’ outlier test (Grubbs, 1950). 
Most of the outliers had components from the underlying mineral soil 
included and thus substantial higher bulk densities. All outliers were 
removed from the dataset before further evaluation, resulting in a total 
of 930 BD values. 

2.4.1. Calculating bulk density and total peat mass 
After sampling, all the samples were dried at 105 ◦C for at least 48 h 

and BD was determined based on standard mass calculation by dividing 
dry peat mass with sample volume. Dry peat masses [t ha-1] were 
calculated by multiplying BD by the thickness of the respective sampling 
depths. Afterwards median values of all segments from the top of the soil 
profile to the bottom were summed to calculate cumulative peat masses. 
The gouge auger, Russian corer and Wardenaar corer could not be used 
for sampling depths in the upper parts of the profiles. This hampers the 
comparison of total peat masses determined with different coring de
vices. Hence, peat masses calculated from the sample rings were used for 
these devices and sampling depths to be able to compare peat masses 
throughout the entire profile depths. 

2.4.2. Statistical analyses of differences in bulk density 
Differences in BD values determined with different sampling devices 

were analysed using linear mixed-effects models (R package nlme, 
Pinheiro et al., 2020). Sampling devices were set as the fixed effect. As 

random effects, a combination of site and horizon and the segment of the 
soil profile were used. As not all sampling devices could be employed for 
all sampling depths, the statistical analysis of BD was separated into 
three different linear mixed-effects models (see Table 1 and 2). 

The first model (M1) was used to analyse differences for the three 
sampling depths with amorphous and aggregated highly decomposed 
peat (bog peat site: B-D1; fen peat site: F-D1 and F-D2) from which 
samples could only be taken with the driving hammer and sample rings. 
With the second model (M2), all sampling depths were analysed that 
could be sampled with all devices. As an exception, F-D3 and F-D4 of the 
fen peat site were also included, although the Wardenaar corer could not 
be used. Furthermore, sampling depth B-D4 at the bog peat site was also 
included in the model although samples could only be taken with the 
sample rings, gouge auger and Russian corer. The third model (M3) 
compared the gouge auger with the Russian corer down to the mineral 
soil, and thus included all sampling depths at which samples were taken 
with these devices. Analogous to M2, the sampling depths contained 
slightly to moderately decomposed Sphagnum or brown moss peat. 

2.4.3. Comprehensive comparison of all sampling devices 
Sample rings were used as reference devices for all the other devices 

at each sampling depth where sample ring samples could be taken (B-D1 
to B-D4, F-D1 to F-D4). For a comprehensive comparison of all sampling 
devices, this study followed Walter et al. (2016) and the mean prediction 
error (MPE) was determined (Vasiliniuc and Patriche, 2015) as a mea
sure of accuracy (or systematic error or bias) for each sampling device 
with: 

MPE =
1
n
•
∑n

i=1

(
BDi − BDref

)
(1)  

where BDref is the median BD determined with the sample rings and BDi 
is the BD of the respective sampling device. The random error was 
assessed by the standard deviation of the prediction error (SDPE) 

Fig. 3. a) Bulk density (BD) determined with a driving hammer, gouge auger, Russian corer and sample rings (boxes define the 25–75% quartiles, whiskers are 1.5 
times the quartile, points represent values outside this interval) and b) difference between BD determined with a driving hammer, gouge auger and Russian corer 
(ΔBD(a)) and BD using sample rings for sampling depths F-D1, F-D2, F-D3 and F-D4 at the fen peat site. Dashed lines show the sampling depths, in particular the mean 
value of the horizon boundaries along the soil pit. The grey area is the corresponding standard deviation. 
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(Vasiliniuc and Patriche, 2015): 

SDPE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n − 1
•
∑n

i=1
[
(
BDi − BDref

)
− MPE]2

√

(2) 

Both, MPE and SDPE were calculated for the sampling depths with 
amorphous and aggregated peat (sample rings and driving hammer) and 
for the sampling depths with slightly to moderately decomposed peat in 
which samples were taken with all sampling devices. 

3. Results 

3.1. Bulk densities 

The BD for all sampling devices at sampling depths F-D1, F-D2, F-D3 
and F-D4 are shown in Fig. 3a (fen peat site) and at B-D1, B-D2, B-D3 and 
B-D4 in Fig. 4a (bog peat site). It should be noted that Fig. 4 does not 
show the BD values for all sampling depths down to the mineral soil. 
Differences in medians between sample rings with the other sampling 
devices (ΔBD(a)) are depicted in Figs. 3b and 4b respectively. Negative 
values mean that the BD of the sampling device was lower than the BD of 
the sample rings, and positive values indicate the opposite. All results 
(median values ± standard deviation of sampling devices and sampling 
depths across the profile segments) can be also found in the appendix 

(Tables A1 and A2). 
At both sites and for all sampling devices, BD values decreased with 

depth. The fen peat site had higher BD values than the bog peat site. 

3.1.1. Sampling amorphous and aggregated peat: sample rings vs driving 
hammer 

In the sampling depths with highly decomposed amorphous and 
aggregated peat (B-D1, F-D1 and F-D2), BD was only determined with 
sample rings and a driving hammer (Figs. 3 and 4). It was physically 
impossible to acquire samples with the other sampling devices from the 
amorphous and aggregated peat without damaging the devices. The 
driving hammer samples were slightly compressed or stretched, with 
core lengths varying from 0.99 m to 1.06 m at the fen peat site and from 
0.94 to 1.03 m at the bog peat site. Overall, BD values determined with 
the driving hammer at these sampling depths were significantly lower 
(mean difference 0.067 g cm3, p < 0.000001; linear mixed-effects model 
M1) than BD values determined with sample rings. Differences were the 
most distinctive at B-D1 (ΔBD(a): − 0.111 g cm− 3≙ 39 %) and F-D1 
(ΔBD(a): − 0.090 g cm− 3 ≙ 21 %). At the sampling depth F-D2 differences 
in BD between sample rings and driving hammer (ΔBD(a): − 0.028 g 
cm− 3 ≙ 11 %) were lower than for the two topmost horizons. 

Fig. 4. a) Bulk density (BD) determined with a driving hammer, gouge auger, Russian corer, sample rings and Wardenaar corer (boxes define the 25–75% quartiles, 
whiskers are 1.5 times the quartile, points represent values outside this interval) and b) difference between BD determined with a driving hammer, gouge auger and 
Russian corer (ΔBD(a)) and BD using sample rings for sampling depths B-D1, B-D2, B-D3 and B-D4 at the bog peat site. Dashed lines are the sampling depths. The top 
two dashed lines show the mean value of the horizon boundaries along the soil pit and the grey area is the corresponding standard deviation. 
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3.1.2. Sampling slightly to moderately decomposed peat: a comparison of 
all devices 

A comprehensive comparison of BD determined with all sampling 
devices could be performed at the fen peat site for F-D3 and F-D4 (Fig. 3) 
and at the bog peat site for B-D2, B-D3 and B-D4 (Fig. 4) (see also Ta
bles 1 and 2). Please notice that the Wardenaar corer is only shown in 
Fig. 4 as sampling failed at the fen peat site. Sampling depth B-D4 was 
below − 1 m and thus no BD values for driving hammer or Wardenaar 
corer could be shown in Fig. 4. 

The linear mixed-effects model (M2) showed significant differences 
between sample rings and the Russian corer (p < 0.000001). These 
differences were the most pronounced for B-D2 (bog peat site) and F-D3 
(fen peat site), which were both characterised by alternating satu
rated–unsaturated conditions (see also Tables 1 and 2). For the under
lying permanently saturated sampling depths (B-D3, B-D4 and F-D4), the 
ΔBD(a) values of the Russian corer were substantially lower at both sites 
(Fig. 3b and Fig. 4b). No significant differences between sample rings 

and driving hammer (p = 0.0835) were found, despite a large ΔBD(a) at 
F-D4 (Fig. 3b). The gouge auger and Wardenaar corer showed only 
minor and non-significant differences to the sample rings (p > 0.4). 

3.1.3. Sampling slightly to moderately decomposed peat: Gouge auger vs 
Russian corer 

At the bog peat site, sampling down to the mineral soil could only be 
performed with the gouge auger and Russian corer. The corresponding 
BD values are shown in Fig. 5a. Differences in BD between both devices 
(ΔBD(b)) (median BD determined with a gouge auger minus median BD 
determined with a Russian corer) are shown in Fig. 5b. The values of 
ΔBD(b) of the fen peat site are not shown separately, but Fig. 3a shows 
that differences between the two devices were larger under unsaturated 
conditions (F-D3) than in the permanently saturated sampling depth (F- 
D4). 

The linear mixed-effects model (M3) including both sites and all 
sampling depths showed a significant difference of 0.008 g cm− 3 (p <

Fig. 5. a) Bulk density (BD) determined with a gouge 
auger and a Russian corer (boxes define the 25–75% 
quartile, whiskers are 1.5 times the quartile, points 
represent values outside this interval) and b) differ
ence between BD determined with a gouge auger and 
a Russian corer (ΔBD(b)) for sampling depths B-D2 to 
B-D9 at the bog peat site. Dashed lines are the sam
pling depths. The top two dashed lines show the mean 
value of the horizon boundaries along the soil pit and 
the grey area is the corresponding standard deviation.   
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0.000001) between the two sampling devices. However, with the 
exception of B-D2 (ΔBD(b) = − 0.028 g cm− 3) and F-D3 (ΔBD(b) =

− 0.039 g cm− 3), all values of ΔBD(b) were<0.01 g cm− 3. Those two 
sampling depths were characterised by alternating unsaturated–satu
rated conditions and thus were dryer than the other sampling depths 
considered in M3. For the underlying permanently saturated sampling 

depths, the differences were less distinctive (e.g. 0.003 g cm− 3 in F-D4) 
and the BD values were similar. If the above-mentioned sampling depths 
with alternating unsaturated–saturated conditions were removed from 
the linear mixed-effects model, the model predicted non-significant (p =
0.06) differences of 0.002 g cm− 3 between the two devices. 

3.2. Determination of total peat mass 

Fig. 6 shows the cumulative peat mass [t ha− 1] from 0 cm down to 
the mineral soil for the fen peat site (Fig. 6a) and the bog peat site 
(Fig. 6b). Total peat mass is given by the value at peat depth (1.05 and 
4.0 m, respectively). The different scales of the y-axis in Fig. 6a and b 
should be noted. The cumulative peat masses for the gouge auger, 
Russian corer and Wardenaar corer (which are difficult to distinguish in 
Fig. 6b as the values were similar to the gouge auger and sample rings) 
started at sampling depths below the amorphous and aggregated peat 
using the peat masses calculated from the sample rings for the upper 
sampling depths. At the fen peat site, cumulative peat masses started at 
− 0.03 m because the extremely densely rooted top layer was removed 
before sampling. 

At the fen peat site, sampling with the driving hammer device 
resulted in the lowest (1927.4 ± 222.1 t ha− 1) peat masses (median ±
standard deviation) and sampling with the Russian corer in the highest 
(2225.4 ± 197.2 t ha− 1) peat masses. Peat masses determined with the 
gouge auger (2029.2 ± 192.5 t ha− 1) were similar to those determined 
with the sample rings (2066.4 ± 202.7 t ha− 1). The higher peat masses 
of the Russian corer were based on the higher values at F-D3 (see also 
Fig. 3). In the case of the driving hammer probes, the low peat masses in 
F-D1 and F-D2 were compensated for by the higher values in F-D4, 
leading to similar total peat masses when considering the complete soil 
core. 

At the bog peat site, total peat masses down to the mineral soil could 
only be determined with the gouge auger (4249.2 ± 134.4 t ha− 1) and 
Russian corer (4478.8 ± 156.0 t ha− 1). As in the case of the fen peat site, 
the slightly higher peat masses determined with the Russian corer were 
caused by the higher values determined at the unsaturated sampling 

Fig. 6. Cumulative peat masses [t ha− 1] from 0 m down to the mineral soil determined with all sampling devices for a) the fen peat site and b) the bog peat site. 
Values are the median peat masses over all segments. Horizontal lines depict the standard deviations. For the gouge auger, the Russian corer and the Wardenaar 
corer, peat masses of the first two (fen peat) and first (bog peat) sampling depths were taken from the sample rings. 

Fig. 7. Mean prediction error [g cm− 3] (MPE) and standard deviation of pre
diction error [g cm− 3] (SDPE) of bulk densities determined with all sampling 
devices separated into sampling depths with amorphous and aggregated peat 
(B-D1, F-D1 and F-D2) and sampling depths with slightly to moderately 
decomposed peat (B-D2, B-D3 and B-D4, F-D3 and F-D4). Positive MPE = sys
tematic compaction of the sample. 
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depth B-D2 (see also Fig. 4). 
Comparing the peat masses determined with all the sampling devices 

at the bog peat site down to − 1 m depth (bottom of B-D3 at − 1 m depth), 
the driving hammer had the lowest values (925.8 ± 68.6 t ha− 1) and the 
Russian corer the highest values (1305.0 ± 128.2 t ha− 1). The gouge 
auger (1129.2 ± 116.7 t ha− 1), Wardenaar corer (1114.5 ± 91.3 t ha− 1) 
and sample rings (1181.6 ± 129.2 t ha− 1) showed similar values. 

3.3. Comprehensive comparison of all sampling devices 

Fig. 7 shows a comprehensive comparison of all sampling devices 
with the sample rings, separated into the sampling depths with amor
phous and aggregated peat (sample rings vs driving hammer) and 
slightly to moderately decomposed Sphagnum or brown moss peat 
(sample rings vs driving hammer, gouge auger, Russian corer and 
Wardenaar corer) in terms of BD. 

In the sampling depths with amorphous and aggregated peat, the 
driving hammer caused a high systematic error, expressed by a mean 
prediction error (MPE) differing from zero by 0.068 g cm− 3. Both sam
pling devices had a high random error with a standard deviation of the 
mean prediction error (SDPE) of 0.051 g cm− 3 (driving hammer) and 
0.037 g cm− 3 (sample rings). This can also be seen in the high variances 
of BD at F-D1 (Fig. 3a), F-D2 (Fig. 3a) and B-D1 (Fig. 4a). 

In contrast, at the sampling depths with slightly to moderately 
decomposed peat, the systematic error was generally low. Bulk density 
determined with the gouge auger (MPE: − 0.002 g cm− 3) had the 
smallest difference from BD determined using the sample rings, followed 
by the driving hammer (MPE: 0.005 g cm− 3) and the Wardenaar corer 
(MPE: − 0.006 g cm− 3). The largest systematic error was determined for 
the Russian corer (MPE: 0.012 g cm− 3). For both the sample rings and 
driving hammer, the random errors of the derived BD values were lower 
than those determined for amorphous and aggregated peat samples. The 
driving hammer had the highest SDPE with 0.035 g cm− 3 and the 
Wardenaar corer the lowest with 0.007 g cm− 3. The random errors of the 
gouge auger (0.014 g cm− 3), Russian corer (0.017 g cm− 3) and sample 
rings (0.017 g cm− 3) were within a similar range. 

4. Discussion 

4.1. Volume-based sampling of peat with differing properties 

4.1.1. Highly decomposed amorphous and aggregated peat 
The results showed that reliable volume-based sampling of amor

phous and aggregated peat in the unsaturated zone was only possible 
with sample rings. For the gouge auger, Russian corer and Wardenaar 
corer, the peat was either too crumbly, dusty or small-grained for 
sampling and/or too hard to drive the coring device (especially War
denaar corer) into the peat. Sampling with the driving hammer device 
was technically possible, but failed to provide BD values with acceptable 
precision and accuracy as it showed a larger random error than sample 
rings and a strong bias. The median BD values at the three sampling 
depths concerned were underestimated by 39 %, 21 % and 12 %. 
Although even an underestimation of 12 % of the median BD value is 
large, it should be noted that the 25–75 % quartiles of BD in this 
particular sampling depth (F-D2) were within the same range (Fig. 3a). 
The underestimations at both sites could have been caused by the 
shaking driving hammer loosening the topsoil before the sampling de
vice could be driven into the soil. Walter et al. (2016) compared BD 
values of peat soils sampled with sample rings and the same driving 
hammer device used in the present study and found good agreement in 
the first depth increment. In the second depth increment, the BD values 
determined with the driving hammer were also underestimated by 18 % 
(0.09 g cm− 3). However, these two depth increments might not be 
comparable with the sampling depths with amorphous peat in the pre
sent study as sampling took place under different soil moisture condi
tions. Furthermore, the aggregates at the fen peat site were particularly 

well developed and rigid, which might be the reason for both the dif
ference between the sampling devices and the high variability in the 
sample ring and driving hammer BD data (Fig. 3a). Thus, the conditions 
might be considered “worst case” and the problems encountered in the 
unsaturated zone might turn out to be less severe elsewhere. 

At the fen peat site, the ΔBD(a) < 0 in the upper sampling depths (F- 
D1 and F-D2) and the ΔBD(a) > 0 values in the lower sampling depths (F- 
D3 and F-D4) indicated that the lower part of the soil core was com
pressed and the upper part was stretched when using the driving 
hammer. However, this nonlinear compression and stretching could not 
be quantified. At the bog peat site, only speculations could be made 
about the large underestimations of BD in the amorphous sampling 
depths as the ΔBD(a) values were below zero across the entire length of 
the soil core. 

4.1.2. Slightly to moderately decomposed Sphagnum and brown moss peat 
Overall, all the sampling devices could be used to sample the 

Sphagnum peat and brown moss peat (with the exception of the latter 
with the Wardenaar corer). The systematic errors were either lower or in 
the range of the systematic errors of Walter et al. (2016). The random 
error of the Wardenaar corer was lowest in this study, which was 
probably due to the large sample volume compared with the other 
sampling devices. Random errors of the sample rings, the Russian corer 
and the gouge auger were slightly higher and similar to each other, but 
those of the driving hammer were twice as high. This error does not only 
comprise (random) differences in handling the devices, but also the well- 
known small-scale variability of the peat properties. However, as all 
corers were used in all segments, the differences in random errors should 
be independent of any differences in peat properties (e.g. non- 
occurrence of a horizon in some segments). 

For slightly to moderately decomposed Sphagnum or brown moss 
peat, the driving hammer device showed good results, except for sam
pling depth F-D4, where BD values were increased possibly by 
compression. This can only be the subject of speculation, but compres
sion might have been enhanced by the underlying mineral substrate 
preventing the peat soil from being pushed deeper by the front of the 
sheath core of the driving hammer device. 

The gouge auger was the sampling device with the lowest systematic 
error (MPE = − 0.002 g cm− 3) compared with the sample rings. Bulk 
density values determined from samples taken with the Russian corer 
agreed well with those of the gouge auger and sample rings, except for 
the unsaturated sampling depths (F-D3 and B-D2) where the Russian 
corer caused significantly higher BD values. This was probably an effect 
of compression of the soil in the sampling chamber, as unsaturated soil is 
more compressible than saturated peat (Hobbs, 1986). Another study 
also reported compression by the Russian corer when it is used to sample 
the acrotelm (the temporarily unsaturated and very loose zone of an 
intact mire) but not when used for peat soils from greater depths (De 
Vleeschouwer et al., 2010). Wardenaar (1987) also reported sampling 
above the water table to be difficult with the Russian corer. 

Bulk density values determined from samples taken with the War
denaar corer showed good agreement with the sample rings, but were 
slightly, but systematically lower. This was in line with expectations as it 
was assumed that the Wardenaar corer would be the device which 
causes least compression as it has the lowest ratio between the sampling 
device wall and sample volume. However, the low systematic error 
(MPE = − 0.005 g cm− 3) showed that samples taken by sample rings 
were only slightly compressed. At the fen peat site, it was impossible to 
push the Wardenaar corer into the peat without damaging the device 
due to the higher BD values and strong aggregation. Accordingly, sam
pling with the Wardenaar corer was limited to an upper BD threshold 
between approximately 0.09 and 0.24 g cm− 3, at least under unsatu
rated conditions. 
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4.2. Determination of total peat mass over the whole peat profile 

At the fen peat site, it was possible to determine total peat masses 
over the whole peat profile down to the mineral soil with two of the 
sampling devices without having to change devices for different depths. 
Both the driving hammer and sample rings led to similar total peat 
masses, but with differences at the different sampling depths. When 
using the other devices, total peat masses could only be determined by 
combining sampling devices, i.e. the gouge auger and Russian corer 
could not sample the amorphous and aggregated peat, for which sample 
rings needed to be used in order to determine total peat masses. 

At the bog peat site, total peat masses could only be determined using 
either the gouge auger or the Russian corer in combination with sample 
rings for the topmost sampling depth. Combining different coring de
vices to sample the total peat profile requires the results obtained by 
these devices to be not significantly different. However, in many cases it 
is the only possibility for sampling all soil horizons or layers and thus is 
common practice (e.g. in De Vleeschouwer et al., 2010 or Wellock et al., 
2011). Here, it could clearly be shown that BD data obtained from the 
gouge auger was indistinguishable from the values determined with 
sample rings for slightly to moderately decomposed peat, even under 
unsaturated conditions. The same is true for the Russian corer under 
saturated conditions, where the BD differences to the gouge auger were 
very small. 

4.3. Choice of sampling device 

Our results highlight the challenges and complexities which need to 
be considered for a reliable volume-based sampling of peat soils. It is 
clearly demonstrated that several sampling devices are needed to cover 
various field conditions (e.g. peat properties, moisture conditions, depth 
of the peat profile). However, if an appropriate choice of the sampling 
device is made and samples are checked carefully for any signs of 
damage, volume-based sampling with high accuracies and low system
atic errors is possible when combining different sampling devices, both 
within one peat profile and across sites. To achieve this, following points 
should be considered:  

- For a horizon or layer wise determination of BD in amorphous and/or 
aggregated peat soils, sample rings are the only choice for reliable 
volume-based sampling. The driving hammer device is not a good 
option as shown by the large random and systematic errors. It will, 
however, be an appropriate choice at sites with shallow peat, if BD or 
peat masses need to be determined for the whole peat profile only, 
but not for individual layers or horizons. For this purpose, it is 
essential that the length of the soil core is greater than the peat 
thickness.  

- The Wardenaar corer and the gouge auger will always be a good 
choice if sampling is possible under the given field conditions. This is 
clearly shown by the low systematic and random errors. This also 
applies to the Russian corer for saturated peat. For unsaturated peat 
layers or horizons, we would not recommend the Russian corer as 
results showed an overestimation of BD in these sampling depths. 

- For deep peat soils, gouge auger and Russian corer are the only op
tions, but both are a good choice. If it proves to be impossible to 
reliably sample some horizons or soil layers within the profile, they 
can be unhesitatingly be combined with other sampling devices (e.g. 
sample rings or Wardenaar corer) in order to determine the peat 
mass over the entire profile. 

We want to stress that our findings are based on the soil properties of 
the two sites of this study. They are not necessarily covering the high 
variety of different peatlands and peat soils in general. Thus, we cannot 
exclude the possibility that field conditions exist, where other sampling 
strategies and choices of sampling devices will become necessary. 

5. Conclusions 

This study shows for the first time that BD values obtained with 
different sampling devices are not significantly different from the data 
from sample rings given the conditions outlined here are met. This is 
highly relevant for designing sampling and monitoring programmes, as 
the results clearly demonstrate that there is not a “one-size-fits-all” so
lution for volume-based sampling of the whole profile of deep peat soils 
and that in profiles with deep peat soils and amorphous or aggregated 
unsaturated horizons, sample rings need to be combined with other 
sampling devices to reliably determine the peat (and thus SOC) mass 
over the entire profile. Finally, the choice of sampling device should 
depend on the depth of the peat profile, the properties of the peat 
(moisture states, degree of decomposition and of secondary pedogenetic 
transformation) and whether BD needs to be determined for horizons, 
depth increments or across the entire peat profile. Overall, the results of 
the study may be used to obtain high-quality data sets of stocks of SOC 
(and other substances). Such data is required for targeting and evalu
ating mitigation measures, but also to improve regionalisation ap
proaches based on modelling or remote sensing approaches. 
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