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Drained peatlands have been rewetted for restoration in Europe and North America for
about 25 years. However, information on spatial variability of soil chemical and biochemical
properties in long-term drained and restored peatlands is insufficient to design appropriate
research methods and soil sampling protocols for monitoring biogeochemical processes.
The study aimed to examine the influence of long-term drainage and rewetting of peatlands
on smallscale spatial variability of the soil chemical properties and enzyme activities. We
collected 400 soil samples from the 0–15 cm and 15–30 cm soil depths of a drained and a
corresponding rewetted peatland. The number of grid cells was 100 for each of the drained
and the rewetted peatland, and the size of each grid cell was 3m × 3m. We analyzed 17
soil parameters from the surfaces and 14 from the subsurface of both sites. The variability
(range, SD, and CV) of all the soil properties was higher in the drained peatland than in the
restored peatlands except for the soil pH. The geostatistical analysis revealed only the soil
pH, acid phosphatase, β-glucosidase, and arylsulfatase activities disclosed the strong
spatial dependency at the ≤5m semivariance range in the drained peatland. However,
more than 80% of the soil properties showed a strong spatial dependence within the
4–20m semivariance ranges in the restored peatland. The strong spatial dependencies of
all the soil properties in the long-term restored peatland conclusively call for the spatial soil
sampling and geostatistical data analysis methods to capture substantial spatial variability
that has important implications in degraded peatland restoration.

Keywords: nugget to sill ratio, semivariance range, soil chemical properties, soil enzyme activities, spatial
dependence

INTRODUCTION

Different literature showed that 50%–75% of peatlands had been drained for various land use
purposes worldwide since 1900 (Clarkson et al., 2013; Bess et al., 2014; Lamers et al., 2015; Chimner
et al., 2017). As a result, peatland drainage has contributed to losing ecosystems services such as
regulating water quality and supply, carbon storage, biodiversity, recreation, knowledge archives,
cultural heritage, flood-water regulation, sediments, and nutrients trapping (Clarkson et al., 2013;
Tomscha et al., 2021). Restoring of degraded and rewetting of drained peatlands have been practiced
for the last 25 years in North America and Europe, where 85% of the 4 million km2 global peatlands
are currently located (Lamers et al., 2015; Chimner et al., 2017; Andersen et al., 2017; Peters and von
Unger, 2017). The initial phase of peatland restoration is different from region to region based on the
land-use systems contributing to peatland degradation such as mining, road constructions, erosion,
afforestation, timber production, agriculture, and peat cutting (Bess et al., 2014; Chimner et al.,
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2017). The standard peatland restoration techniques are drain
blocking, restoring cutaway peat, transplanting peat-forming
plants on bare peat, constructing dams from different
materials, and reprofiling (Cooper and MacDonald, 2000;
Rochefort et al., 2003; Cobbaert et al., 2004; Lamers et al.,
2015; Chimner et al., 2017). Since the significant land uses
contributing to drainage and degradation of peatlands in most
European countries have been agriculture (Lamers et al., 2015;
Andersen et al., 2017), the large-scale peatland restoration has
been practiced by drain-blocking (Armstrong et al., 2009;
Urzainki et al., 2020).

Several studies have investigated the impacts of rewetting
drained and degraded peatlands on freshwater eutrophication
(Zak et al., 2008; Forsmann and Kjaergaard, 2014), greenhouse
gas emissions (Hahn et al., 2015; Kandel et al., 2019), ecological
successions (Haapalehto et al., 2017; Renou-Wilson et al., 2019),
nutrient cycles (Wang and Moore, 2014; Schillereff et al., 2016;
Berger et al., 2017; Nieminen et al., 2017; Dietrich and
MacKenzie, 2018), soil chemistry (Heller and Zeitz, 2012;
Duval and Radu, 2018; Negassa et al., 2019a), and enzymes
activities (Song et al., 2019; Zhao et al., 2019). These previous
studies were conducted on peatlands after one to 3 years of
rewetting, and the spatial soil sampling method was not used.

High soil spatial variability can influence plant species
recolonization, carbon sequestration, and eutrophication
during the restoration of degraded peatlands (Larkin, 2016).
Therefore, sustainable peatland management practices require
detailed soil properties information that influences
biogeochemical processes. Knowledge about the spatial
distribution of soil properties could also help to understand
the influence of long-term drainage and rewetting peatlands
on various ecosystem services and functions (Arrouays et al.,
2014).)

Drainage and rewetting peatlands can affect surface micro-
elevations, biogeochemical processes, and distribution of
vegetation types (Richert et al., 2000; Limpens et al., 2008).
Such influences are eminent in agriculturally used fens that
potentially can result in spatial heterogeneity of soil properties.
Drainage and rewetting result in subsidence and expansion of
peatlands, respectively, and that could influence spatial variability
of soil chemical and biochemical properties differently in such
contrasting management practices (Camporese et al., 2006; Nijp
et al., 2019; Jurasinski et al., 2020). Although drainage and
cultivation can homogenize surface and subsurface soil
horizons, rewetting has a high potential to increase the
heterogeneity of surface soils because of groundwater
dynamics, sedimentation depositions from the surrounding
landscapes, and occasional flooding by nearby freshwater
resources (Leifeld et al., 2011; Ahmad et al., 2020a; Ahmad
et al., 2020b). As a result, rewetting can enhance existing
variations in microclimates that influence important
biogeochemical processes such as increasing anoxic conditions,
decreasing greenhouse emissions (Girkin et al., 2019; slowing
plant nutrient cycles (Dietrich and MacKenzie, 2018), changing
microbial community structure (Groß-Schmölders et al., 2021),
and biochemical properties (Negassa et al., 2019b). Long-term
rewetting is also one of the strategies to restoring degraded

peatlands by reestablishing peat-forming communities that
also change biogeochemical processes compared to drained
peatlands used for crop and feed productions (Zerbe et al., 2013).

Several studies have been conducted to understand wetland
biogeochemistry, and methods have been developed to study
biogeochemistry processes in wetland ecosystems as compiled in
different books (Reddy and DeLaune, 2008; DeLaune et al., 2013;
Schlesinger and Bernhardt, 2020). In these cited four books, the
wetlands biogeochemistry and research methods are described in
detail; however, spatial variability of the different soil properties
in various wetland types has not been addressed except the soil
sampling methods in wetland ecosystems (Casado et al., 2013;
Osborne and DeLaune, 2013). Although more than 100 papers
have been published on mineral soil spatial variability annually
(Wang et al., 2021), only a few studies have been reported on
peatland and wetland soils for the last 2 decades. These studies
include the effect of long-term peatland rewetting on spatial
variability of hydrophysical soil properties (Ahmad et al.,
2020a) and denitrification in short-term (three to six yrs)
rewetted, drained, and constructed peatlands (Bruland et al.,
2006), and soil pH, soil organic matter (SOM), and total
phosphorus (P) in natural and anthropogenic impacted
wetlands (Cohen et al., 2008). Similarly, studies also
investigated the spatial variability of greenhouse gas emissions
(Girkin et al., 2019) and P in a south Florida wetland (Grunwald
et al., 2004). More than 913 km2 of drained peatlands have been
rewetted in Western Europe between 1993 and 2015 (Andersen
et al., 2017); however, only the results of a study is available on the
spatial variability of soil chemical and biochemical properties in
the long-term rewetted peatlands (Negassa et al., 2019b). Thus,
understanding the influence of long-term drainage and rewetting
on spatial variability of soil chemical and biochemical properties
could help design appropriate soil sampling methods for
monitoring biogeochemical processes in restored peatlands.

There are classic (designed-based) and geostatistical (model-
based) soil sampling methods that can be used based on the
spatial variability of the soil properties under consideration
(Webster and Oliver, 2007; Casado et al., 2013; Lawrence
et al., 2020). The classic soil sampling method involves
subsampling, and compositing into a single sample could
overestimate or underestimate the effect of soil management
practices on a value of soil property, provided that the spatial
variability of a soil property is strongly dependent. Thus, the
classic soil sampling method could be suitable when the soil
properties are spatially independent. On the other hand,
geostatistical soil sampling can increase precision in
determining soil properties compared to classic soil sampling
because of the spatial correlation values (Hergert et al., 1995).
Furthermore, geostatistical analyses quantify spatial
correlations between observations to reproduce spatial
processes’ behavior across the entire domain of interest
(Montero et al., 2015). Geostatistical studies also provide
estimates of semivariogram sill and range that could provide
information about sample size and the minimum distance
required for soil sampling intervals to be considered spatially
independent, respectively (Loescher et al., 2014). Suppose the
heterogeneity of the soil properties is spatially independent; the
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classic randomization sampling method with fewer composite
samples can be sufficient compared to the number of soil
samples required for spatially dependent soil parameters
(Lawrence et al., 2020). Thus, knowing the spatial structure
and variability of soil properties is essential to use appropriate
soil sampling methods for monitoring soil chemical and
biochemical properties in drained and rewetted peatlands to
monitor the restoration success of degraded peatlands
(Kibblewhite et al., 2012).

Advancement in geostatistical and soil mapping tools for
precision agriculture, environmental management has
increased the study of spatial heterogeneity of soil
properties (Trangmar et al., 1985; Si et al., 2007). The
approach helps to determine whether the heterogeneity of
soil properties is changing randomly or systematically from a
sampling point to the next for better experimental design,
sampling methods, statistical analysis, and interpretation
(Biswas and Si, 2011; Shit et al., 2016; Lawrence et al.,
2020). The conventional soil sampling method and
standard statistical analysis, such as analysis of variance,
assume soil samples are spatially independent. However,
soil properties are not always spatially independent. The
geospatial analysis can identify whether the heterogeneity
of soil properties changes randomly or systematically among
the sampling points. Almost all previous studies investigated
the impact of drainage and rewetting peatlands on soil
chemical and biochemical properties with the classic
design-based soil sampling method. Applying the
designed-based soil sampling methods for spatially
dependent soil properties could provide misleading results
that can negatively influence the restoration of degraded
peatlands by various stakeholders. Thus, this study aimed
to examine the smallscale spatial variability of selected soil
chemical and biochemical properties in long-term drained
and rewetted peatlands of northeastern Germany. We
hypothesize that soil chemical and biochemical properties
are spatially dependent in long-term rewetted fen peatland
than in the long-term drained fen peatland. The rewetted
peatland has been influenced by patchy and diverse
vegetations, microrelief, groundwater, and surface water
that together may contribute to systematically change soil
chemical and biochemical properties from the point of
sampling to the next compared to the uniformly managed
grassland of the drained peatland.

MATERIALS AND METHODS

Study Sites and Soil Sampling
The drained and rewetted peatlands are located in the Trebel and
Recknitz valleys of the Federal State of Mecklenburg-Western
Pomerania, northeastern Germany (Figure 1A). Jurasinski et al.
(2020) and Weil et al. (2020) gave detailed information on
historical land use, elevation, and vegetation types.
Hydrological reconstructions started in the 1960s in the
Recknitz and Trebel valleys to intensify the use of the
peatlands for grassland, silage, and hay production. The

georeference (N, E) and altitude of the drained peatland are
54.1316, 12.6289, and 2.25 m, and that of the rewetted peatland is
54.1011, 12.7395, and 1.25 m. In the early 1990s, a peatland in the
Trebel valley was rewetted by the EU-LIFE program that has been
put under nature conservation. However, the drained peatland
was not part of the rewetted peatland that had been used for
pasture production when the site was sampled for the present
study. The drained peatland was covered by uniform grassland,
mainly consisting of Ranunculus repens and Deschampsia
cespitosa with some Holcus lanatus and Poa trivialis. The
rewetted peatland was covered by Carex acutiformis,
Epilobium hirsutum, Deschampsia caespitosa, Carex
acutiformis, Juncus subnodulosus, and Phalaris arundinacea.
The humification degree of both sites’ peats indicated highly
decomposed fen peat (Negassa et al., 2019a). According to the
International Union of Soil Science Working Group World
Reference for Soil Resource, the major soil units of both study
sites were Sapric Histosols.

Before collecting the soil samples, plots with the size of
30 m × 30 m (900 m2) with similar topography and vegetation
were divided into 100 small grid cells of 3 m × 3 m size for
each site with string (Figures 1B,C). The litter from the
center of each grid cell was removed using a spade and
marked. The georeferenced data were taken using a
geographical positioning system from each marked point
before sampling. The soil samples were collected from the
center of each grid cell using a peat sampler (Eijkelkamp Soil
& Water, Giesbeek, Netherlands). The number of soil samples
collected from each peatland was 200 (100 from the surfaces
and 100 from subsurface subsurfaces) in summer 2018. We
included subsurface horizons sampling since soluble and
solid soil materials can transfer between the surface and
subsurface horizons, affecting the spatial variability of soil
properties. The spatial pattern of micro-elevations of the
drained and rewetted peatland sampling points were
calculated (Figure 2).

Analysis of Soil Chemical Properties and
Enzyme Activities
The 0.01 M CaCl2 solution was used to determine soil pH at a
soil-to-solution ratio of 1: 2.5 at room temperature (VDLUFA,
2016). We estimated the soil organic matter (SOM)
concentration by the loss-on-ignition method, where the
oven-dried soil samples were ignited at 550°C for 4 hours
(Nelson and Sommers, 1996). The total P, potassium (K),
calcium (Ca), magnesium (Mg), iron (Fe), manganese (Mn),
zinc (Zn), and aluminum (Al) concentrations were measured
by the inductively coupled plasma-optical emission
spectroscopy (ICP-OES) (PerkinElmer Optima 8300,
Waltham, MA, USA) after microwave-assisted acid
digestion (US EPA, 2007). We used the double lactate (DL)
method to extract the plant-available P, K, and Mg (VDLUFA,
2012) and the detailed DL extraction procedures already
published elsewhere (Negassa et al., 2020). The
concentrations of the plant available nutrients were
determined by the ICP-OES method. The soil enzyme
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activities involved in the C, P, and S cycles were determined
from the surface horizons of the drained and rewetted
peatlands. The soil enzyme activities such as the acid
phosphatase were measured using the photometric
incubation methods of Tabatabai and Bremner (1969) for
analyses of the acid phosphomonoesterase activity (acid
phosphatase), of Eivazi and Tabatabai (1988) for analysis of
β-glucosidase activity, and of Tabatabai and Bremner (1970)
for the analysis of arylsulfatase activity. In all these
photometric tests, the color intensity of p-nitrophenol
released from a pre-given enzyme-specific substrate during
incubation at 37°C, and the solution was measured within an

hour. Overall, we analyzed 17 and 14 soil properties from the
surface and subsurface horizons of the drained and rewetted
peatlands. We did not determine enzyme activities from the
subsurface horizons of drained and rewetted peatlands since
the enzyme activities lacked spatial variability in our previous
study (Negassa et al., 2019b).

Statistical Analysis
We ran the descriptive statistics of 17 soil properties using the SAS 9.4
software. The mean, median, minimum, maximum, standard
deviation (SD), and coefficient of variation (CV) were computed
for each soil property. We also ran the principal component analysis

FIGURE 1 | Geographical location of the study sites and spatial soil sampling design.
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(PCA) by PROC FACTOR in SAS software for the soil parameters.
The PCA was computed for the total elements, available plant
nutrients, and enzyme activities. Geostatistical software GS+TM
version 7 (Gamma Design Software, Plainwell, Michigan, USA)
was used to analyze the spatial dependence of the individual soil
properties considered in the present study and define the
semivariograms. Detailed information about the semivariogram
and interpretation was provided elsewhere (Berry, 2005; Webster
and Oliver, 2007). In brief, we computed the semivariogram by fitting
values of the different soil properties to the semivariogram models.
These models are linear, exponential, spherical, and Gaussian models
and the best fit models to the values of each soil property were selected
based on the lowest value of the residual sum of square (RSS). These
models comprise nugget, sill, and range except for the linear model,
which has only nugget. The nugget to sill ratio for the linear model is

1.0 since the nugget is equal to sill. Accordingly, when the nugget to sill
ratio of a soil parameter is: >0.75 spatially independent, from 0.25 to
0.75 moderately dependent, and <0.25 strongly spatially dependent
(Cambardella et al., 1994).

RESULTS

Descriptive Statistics of Soil Chemical
Properties and Enzyme Activities
The summary of the descriptive statistics of soil pH and SOM
concentration are presented in Table 1.

The soil pH and SOMconcentrationwere higher at 0–15 cm than
at 15–30 cm soil depths of the rewetted peatland, and the soil
properties were slightly lower at the 0–15 cm soil depths than at

FIGURE 2 | Spatial patterns of elevations of the drained (PD) and rewetted (PW) peatlands of the soil sampling points elevation: m.
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the 15–30 cm of the drained peatland. The soil pH in the rewetted
peatland was higher than in the drained peatland. However, the
SOM concentration of the rewetted peatland was lower than in the
drained peatland. The measure of the variability (range = Max-Min,
standard deviation (SD), and coefficient of variation (CV)) of the soil
pH and SOM was similar in both the surface and subsurface

horizons of the drained peatland and soil pH of the rewetted
peatland. However, the variability of the SOM concentration in
both soil horizons of the rewetted peatland was substantially higher
than in the drained peatland. Accordingly, the SOM range, SD, and
CV in the rewetted peatland were higher than those of the drained
peatland by 3, 4.6, and 6 times, respectively.

The summary of the descriptive statistics of the total P, K, Ca,
Mg, Fe Mn, Zn, and Al concentrations in the surface and
subsurface horizons of the drained and rewetted peatlands are
presented in Table 2.

The total P, K, Ca, Mg, Fe Mn, Zn, and Al concentrations at the
surface horizons of the drained and rewetted peatlands were similar
to their subsurface horizons. The concentrations of these elements
were also similar between the drained and rewetted peatlands except
for the total Fe and Ca concentrations. However, the variability of
most total elements was similar between the surface and subsurface
horizons of the drained peatlands; however, the variability of most
total elements in the surface horizon was higher than in the
subsurface horizons of the rewetted peatland. Although the
concentrations of the elements were more variable in both
surface and subsurface of the rewetted peatlands, their variability
was more pronounced in the surface horizons of the rewetted
peatlands.

The PCA of SOM and the total elements concentrations of the
surface and subsurface soil horizons also further confirmed the
differences in variability between the soil horizons and the
drained and rewetted peatlands (Figure 3). The PCA clearly
showed these parameters clustered together in the drained
peatland than in the rewetted peatland, particularly at the
surface horizons. The PC1 and PC2 accounted for 53 and 16%
of the total variance, respectively. Overall, among the parameters
considered in this PCA, each of the total P, Fe, SOM, Ca, Fe, and
Mn contributed >0.6 loadings to the PC1, whereas each of the
total K, Mg, and Zn contributed to >0.6 loading to the PC2.

The plant-available P, K, and Mg concentrations were similar
between the surface and subsurface horizons of the drained peatland;
however, these plant nutrient concentrations differed between the
depths of the rewetted peatland (Table 3). Although the plant-
available P concentration of the rewetted and drained peatlands was
similar at the surface, the plant-available P in the surface of the
rewetted peatland was higher than in its subsurface by four times.

TABLE 1 | The soil pH and organic matter concentrations in the surface and subsurface horizons of the drained and rewetted peatlands.

Site Depth (cm) Variable Mean Median Min. Max. SD CV%

PD 0–15 pH-CaCl2 5.41 5.42 5.03 5.67 0.12 2
SOM (g kg−1) 751 750 700 810 20.22 3

15–30 pH-CaCl2 5.50 5.49 5.11 5.84 0.12 2
SOM (g kg−1) 761 760 710 840 21.24 3

PW 0–15 pH-CaCl2 7.0 6.9 6.8 7.4 0.10 1
SOM (g kg−1) 522 520 320 710 91.52 18

15–30 pH-CaCl2 6.9 6.9 6.7 7.1 0.05 1
SOM (g kg−1) 479 460 330 680 93.47 20

PD, drained peatland; PW, rewetted peatland; Min, minimum; Max, maximum; SD, standard deviation; CV, coefficient of variation.

TABLE 2 | The concentrations of total elements of in the surface and subsurface
horizons of the drained and rewetted peatlands.

Site Depth
(cm)

Variable
(g kg−1)

Mean Median Min. Max. SD CV%

PD 0–15 P 2.45 2.47 0.51 3.11 0.32 13.23
K 0.42 0.42 0.10 0.60 0.06 15.16
Ca 30.81 31.16 5.00 43.46 4.83 15.67
Mg 0.77 0.77 0.14 1.00 0.12 15.32
Mn 0.77 0.77 0.16 1.22 4.85 14.86
Zn 0.04 0.04 0.01 0.05 0.13 16.67
Fe 32.65 32.35 8.80 48.19 0.01 17.30
Al 3.13 3.15 0.74 3.92 0.43 13.59

15–30 P 2.36 2.35 1.37 3.36 0.34 14.54
K 0.35 0.35 0.15 0.57 0.07 20.17
Ca 33.39 33.34 27.46 40.12 2.54 7.61
Mg 0.72 0.70 0.55 1.05 0.09 12.23
Mn 0.78 0.78 0.37 1.16 5.13 15.27
Zn 0.03 0.03 0.01 0.06 0.14 18.46
Fe 33.59 33.34 20.99 48.07 0.01 21.41
Al 3.00 3.00 1.49 3.95 0.46 15.24

PW 0–15 P 1.59 1.51 1.03 3.41 0.38 23.98
K 0.51 0.48 0.30 1.38 0.18 34.55
Ca 136 134 69 224 37.62 27.72
Mg 0.94 0.94 0.57 1.83 0.21 22.19
Mn 0.67 0.60 0.23 2.28 2.05 30.01
Zn 0.03 0.03 0.02 0.06 0.32 48.26
Fe 6.84 6.45 4.44 18.77 0.01 22.65
Al 2.34 2.29 1.57 3.63 0.42 17.89

15–30 P 1.33 1.28 0.92 2.52 0.28 20.68
K 0.35 0.34 0.14 0.77 0.11 32.56
Ca 150 158 67 223 42.26 28.24
Mg 0.89 0.89 0.57 1.36 0.17 18.95
Mn 0.43 0.39 0.17 1.04 1.61 24.04
Zn 0.03 0.03 0.01 0.06 0.15 34.15
Fe 6.72 6.61 3.83 12.10 0.01 32.78
Al 2.65 2.56 1.63 4.54 0.52 19.58

PD, drained peatland; PW, rewetted peatland; Min, minimum; Max, maximum; SD,
standard deviation; CV, coefficient of variation.
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The plant-available K and Mg concentrations in both depths of the
drained peatland were also similar. However, the plant-available Mg
in the depths of the drained peatland was higher than that of the
rewetted peatland. In addition, the plant-available K at the surface of
the rewetted peatlandwas higher than in its subsurface by four times.
The variability of plant-available P, K, and Mg concentrations was
similar between the surface and subsurface horizons of the drained
peatland; however, the plant nutrients were more variable in the
surface than the subsurface horizons of the rewetted peatland.
Variability of the plant nutrients in the drained peatland was
similar to that of the subsurface horizon of the rewetted peatland.
Overall, the variability of the plant nutrients in the surface horizons

of the rewetted peatlands was higher than in its subsurface horizon
and both depths of the drained peatland. The CVs of the plant
nutrients in the drained and rewetted peatlands ranged from 20 to
28% and 25%–43%, respectively.

The acid phosphatase, β-glucosidase, and arylsulfatase
activities differed between the contrasting management
practices (Table 4). The phosphatase activity in the
rewetted peatland was lower than in the drained peatland,
whereas the β-glucosidase and arylsulfatase activities were
higher in the rewetted than in the drained peatland by two and
three times, respectively. Nevertheless, the influence of the
drainage and rewetting peatlands on the variability of the
enzyme activities was not consistent. The phosphatase activity
was less variable in the drained peatland than in the rewetted
peatland, whereas the variability of the β-glucosidase and
arylsulfatase activities were higher in the drained than in
the rewetted peatland. Regardless of differences in enzyme
activities and variability between the drained and rewetted
peatlands, the variability of the enzyme activities in both
drained and rewetted peatlands was high, and the CVs
ranged from 21 to 39%. Overall, the variability of most soil
properties in the surface and subsurface horizons of the
drained peatlands were similar and less variable than the
soil properties of the rewetted peatland. In addition, the
variability of almost all soil properties in the surface
horizon was higher than in the subsurface horizons of the
rewetted peatland.

The PCA of the plant-available nutrients and enzyme activities
of the drained and rewetted peatlands (Figure 4) also confirmed
the variability of the plant nutrients and enzyme activity (Tables
3, 4). Like their variability, the distributions of the plant
nutrients and enzyme activities were slightly more dispersed
in the rewetted than in the drained peatlands. The PC1

FIGURE 3 | PCA scatter plot of SOM and concentrations of total elements in surface and subsurface horizons of the drained and rewetted peatlands. PD0-15:
surface horizons of drained peatland, PD15-30: subsurface horizons of the drained peatland, PW0-15: surface horizons of rewetted peatland, PW15-30: subsurface
horizons of the rewetted peatland.

TABLE 3 | Plant available phosphorus, potassium, and magnesium in the surface
and subsurface horizons of the drained and rewetted peatlands.

Site Depth
(cm)

Variable
(mg kg−1)

Mean Median Min. Max. SD CV
%

PD 0–15 P 50 49 24 88 13 25
K 56 56 22 92 16 28
Mg 556 558 257 827 112 20

15–30 P 56 55 24 91 16 28
K 53 55 23 87 15 29
Mg 565 579 305 823 111 20

PW 0–15 P 47 42 20 95 20 43
K 147 144 41 282 62 42
Mg 347 350 159 539 86 25

15–30 P 16 15 10 26 4 28
K 33 32 12 63 11 33
Mg 306 305 150 592 86 28

PD, drained peatland; PW, rewetted peatland; Min, minimum; Max, maximum; SD,
standard deviation; CV, coefficient of variation.
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TABLE 4 | Enzyme activities in the surface of the drained and rewetted peatlands.

Site Variable (µg pNp g−1

soil h−1
Mean Median Min. Max. SD CV%

PD Acid phosphatase 2111 2076 870 4,100 595 28
β-glucosidase 126 122 18 249 49 39
Arylsulfatase 241 227 39 450 93 39

PW Acid phosphatase 1575 1491 413 3,278 561 36
β-glucosidase 262 245 149 487 71 27
Arylsulfatase 700 690 433 1,195 146 21

PD, drained peatland; PW, rewetted peatland; Min, minimum; Max, maximum; SD, standard deviation; CV, coefficient of variation.

FIGURE4 | PCA scatter plot of plant available nutrient concentration and enzyme activity in the surface horizons of the drained and rewetted peatlands. PD: drained
peatland, PW: rewetted peatland.

TABLE 5 | Spatial dependence of soil pH and organic matter in the surface and subsurface horizons of the rewetted and drained peatlands.

Site Depth
(cm)

Parameter Model Nugget Sill Range
(m)

Nugget:
Sill ratio

RSS R2

PD 0–15 pH-CaCl2 Exponential 0.00101 0.01373 5 0.07 9.46 × 10−8 0.92
SOM Linear

15–30 pH-CaCl2 Spherical 0.000013 0.000480 6 0.03 1.10 × 10−9 0.84
SOM Linear

PW 0–15 pH-CaCl2 Exponential 0.00072 0.01054 4 0.07 1.40 × 10−6 0.23
SOM Gaussian 26.4 109.06 19 0.24 5.30 1.00

15–30 pH-CaCl2 Exponential 0.0000012 0.0000591 5 0.02 4.097 × 10−12 0.89
SOM Spherical 8.7 108.4 22 0.08 5.22 × 10−1 1.00

PD, drained peatland; PW, rewetted peatland; RSS, residual sum of the square.
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accounted for 48% of the total variance, whereas the PC2
accounted for 22%.

Spatial Variability of Soil Chemical
Properties and Enzyme Activities
The result of geostatistical analysis of the soil pH and SOM of the
drained and rewetted peatlands is presented in Table 5. The
results revealed that the soil pH was strongly spatially dependent,
whereas the SOM was spatially independent in the drained
peatland. On the other hand, both soil parameters were
strongly spatially dependent in the rewetted peatland. The
spatial dependence appeared within the 4–6 m semivariogram
range for the soil pH in both drained and rewetted peatlands,
whereas the SOM was spatially dependent at both horizons of the
rewetted peatland within 19 and 22 m semivariogram ranges,
respectively.

The total elements (K, P, Ca, Mn, Mg, Zn, Fe, and Al) in the
drained peatland were spatially independent (data not shown).
However, all the elements were spatially dependent in the
rewetted peatland (Table 6). Most elements exhibited strongly
and moderately spatial dependencies in the surface and
subsurface soil horizons of the rewetted peatland, respectively.
The semivariogram ranges of most total elements in the surface
and subsurface soil horizons of the rewetted peatland ranged
from 5 to 10 m and 16–29 m, respectively.

The plant-available P and Mg were spatially independent in
the surface and subsurface horizons of the drained peatland;
however, the plant-available K in the drained peatland and the
three plant-available nutrients in the rewetted peatland were
spatially dependent in the rewetted peatlands (Table 7).
Similar to the total elements (Table 6), the spatial
dependencies of the plant available nutrients were strong
and moderate in the surface and subsurface horizons of the
rewetted peatland, respectively. The semivariogram ranges
were 4–12 m and 19–103 m for the strong and moderate

spatial dependencies of the plant-available nutrients,
respectively.

Similar to their variability (Table 4), the spatial variability
of the enzyme activities of the drained and rewetted peatlands
were slightly different (Table 8). Accordingly, the
three enzyme activities, phosphatase, β-glucosidase, and
arylsulfatase were strongly spatially dependent in
the drained and rewetted peatlands. However, the
semivariogram ranges of the drained and rewetted peatlands
were slightly different for the enzyme activities that were 5 m
for the drained peatland and ranged from 5 to 9 m for the
rewetted peatland.

DISCUSSION

Descriptive Statistics of Soil Properties
The higher soil pH in the surface horizons of the rewetted
peatland (Table 1) can be explained by transported and settled
inorganic sediment containing more Ca-containing minerals like
calcite than the SOM-dominated drained peatland (Table 2). The
higher Ca concentration in the rewetted than in the drained
peatlands concurred with the higher soil pH, while the higher
SOM concentration lowered the soil pH in the drained peatland
(Tables 1, 2). The availability of fresh Ca-containing mineral
sediments transported and deposited during the rewetting may
also contribute to the higher soil pH (Slessarev et al., 2016).
Previous studies also reported that rewetting wetland increased
soil pH, while drainage decreased soil pH because of reduction
and oxidation of S compounds and the predominance of pH-
dependent charges in organic soils (Burton et al., 2011; Lundin
et al., 2017). The lower SOM concentration of the rewetted
peatland than the drained peatland (Table 1) can be attributed
to the occasional deposition of the inorganic sediment materials
from the surrounding landscape by erosion and nearby Trebel
River by flooding. This is a typical phenomenon in minerotrophic

TABLE 6 | Spatial dependence of total concentrations of selected elements in the surface and subsurface horizons of the rewetted peatland.

Depth
(cm)

Parameter Model Nugget Sill Range
(m)

Nugget:
Sill ratio

RSS R2

0–15 P Spherical 0.0174 0.1628 5 0.11 3.87 × 10−5 0.91
K Spherical 0.00223 0.03356 5 0.07 3.19 × 10−6 0.85
Ca Gaussian 391.00 1951 17 0.20 2.66 × 103 1.00
Mg Exponential 0.0087 0.0511 10 0.17 8.35 × 10−6 0.95
Mn Exponential 0.0177 0.1123 7 0.16 2.02 × 10−5 0.94
Zn Exponential 0.000035 0.000078 19 0.45 4.67 × 10−11 0.86
Fe Spherical 0.60 4.807 6 0.12 1.74 × 10−1 0.68
Al Spherical 0.07 0.2062 14 0.36 4.13 × 10−4 0.92

15–30 P Exponential 0.0078 0.0783 6 0.10 5.56 × 10−6 0.95
K Gaussian 0.00595 0.0155 18 0.38 1.60 × 10−7 1.00
Ca Gaussian 437 2265 16 0.19 2.90 × 102 1.00
Mg Gaussian 0.0151 0.03524 20 0.43 3.90 × 10−6 1.00
Mn Spherical 0.01053 0.02436 21 0.43 5.08 × 10−7 0.99
Zn Gaussian 0.000047 0.000102 20 0.46 5.85 × 10−12 1.00
Fe Exponential 0.985 3.212 25 0.31 7.86 × 10−4 1.00
Al Exponential 0.064 0.393 29 0.16 2.39 × 10−5 1.00

PD, drained peatland; PW, rewetted peatland; RSS, residual sum of square.
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fen peatlands (Leifeld et al., 2011). The rewetted peatland’s
topographic position facilitates the deposition of inorganic
sediments by soil erosion and flooding for the last 20 years,
decreasing the relative proportion of SOM. The inorganic
sediments also can facilitate aeration and increase electron
acceptors, enhancing peat decomposition and increasing the
proportion of the mineral fraction (Grønlund et al., 2008;
Sutton-Grier et al., 2011). There is no question: rewetting
increases peat accumulation, thereby SOM, but when the
inorganic sediments deposition is greater than the peat
accumulation, it masks the rewetting role in peat
accumulation. In contrast, plant-derived phenolics and
aromatic compounds could prevent substantial SOM loss in
the drained peatland (Hodgkins et al., 2018) that had no
chance to receive inorganic sediment materials since network
drainage ditches stopped flooding from the surrounding
landscapes.

The high total P concentration in the drained peatland
(Table 2) could be related to the anthropogenic P loading.
The drained peatland has received P fertilizer for hay
production for the last two decades compared to the rewetted
peatlands (Jurasinski et al., 2020). Nevertheless, the total P
concentrations in both drained and rewetted peatlands were
higher than the total P concentration of peatlands that

anthropogenic factors have not influenced, ranging from 0.03
to 0.5 g kg−1 (Richardson and Reddy, 2013). The differences in
total Fe concentration between the rewetted and the drained
peatland (Table 2) could be associated with the differences in
their redox conditions, soil pH, and deposition of inorganic
sediments (Reddy and DeLaune, 2008). According to the total
Fe concentration, the rewetted and drained peatlands can be
categorized as Fe poor and Fe rich peatlands, respectively
(Emsens et al., 2016). Although Fe-rich peatlands are regarded
as beneficial for phosphate and sulfate sorption (Geurts et al.,
2008), the result of another study claimed that high total Fe
concentration (>14 g kg−1) could enhance SOMmineralization in
rewetted peatlands (Emsens et al., 2016). These fragmented
findings call for systematically designed long-term experiments
since responses of some soil chemical properties to management
practices are transitory.

Exceptionally high Ca concentration in the rewetted peatland
(Table 2) unequivocally disclosed that Ca-bearing inorganic
sediments had been imported from the surrounding landscape
and overland flows (Chesworth, 2008). The drained and rewetted
peatlands of the present study sites formed after the last glacial
period in meltwater channels left by the retreating ice where
rising sea levels during the Littorina transgression flooded the
valleys and started depositing sediments, peat, and other detritus

TABLE 7 | Spatial dependence of plant available nutrients in the surface and subsurface horizons of the rewetted and drained peatlands.

Site Depth
(cm)

Parameter Model Nugget Sill Range
(m)

Nugget:
Sill ratio

RSS R2

P Linear
PD 0–15 K Spherical 5.2 248.1 4 0.02 1.48 × 103 0.04

Mg Linear
15–30 P Linear

K Linear
Mg Linear

SPW 0–15 P Exponential 26 403 4 0.06 7 × 10 0.85
K Exponential 130 3584 8 0.04 2.79 × 105 0.61
Mg Spherical 850 7747 12 0.11 1.81 × 105 0.98

15–30 P Gaussian 11 32 34 0.34 1.19 0.98
K Exponential 82 212 103 0.39 1.01 × 102 0.89
Mg Gaussian 3,230 9949 19 0.32 4.02 × 104 1.00

PD, drained peatland; PW, rewetted peatland; RSS, residual sum of square.

TABLE 8 | Spatial dependence of soil enzyme activity in the surface and subsurface horizons of the rewetted and drained peatlands.

Site Parameter Model Nugget Sill Range Nugget:
Sill ratio

RSS R2

PD Acid
phosphatase

Exponential 0.0122 0.0959 5 0.13 5.44 × 10−6 0.91

Beta-glucosidase Spherical 0.0001 0.2092 5 0.00 5.55 × 10−4 0.37
Arylsulfatase Exponential 0.0113 0.2306 5 0.05 3.95 × 10−4 0.54

PW Acid
phosphatase

Exponential 0.0162 0.1384 9 0.12 7.69 × 10−4 0.47

Beta-glucosidase spherical 0.0032 0.0713 5 0.04 1.80 × 10−5 0.79
Arylsulfatase Exponential 0.0055 0.0475 6 0.12 1.11 × 10−5 0.75

PD, drained peatland; PW, rewetted peatland; RSS, residual sum of square.
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(Jurasinski et al., 2020); however, there were no influences of
sediments and erosion from the surrounding landscape on the
drained peatland because of the presence of deep ditch for
decades. As a result, the total Ca concentration in the drained
peatland was comparable with the one reported from the drained
forest peatlands of Estonia (Kõlli et al., 2010). Although the
differences in total Mg concentration between the drained and
rewetted peatland were negligible in the present study, all factors
influencing total Ca concentration in soils, such as leaching,
mineral type, and plant uptake, affect the Mg status in soils
(Merhaut, 2007).

The low K concentration in both drained and rewetted
peatlands is explained by K leaching from partially
decomposed peat since K is not incorporated into plants’
organic compounds (Weil and Brady, 2017). Both K and Mg
were slightly higher in the rewetted than the drained peatlands,
which is explained by the deposition of inorganic sediment in the
former with surface water used for rewetting. The total Mn, Al,
and Zn concentrations (Table 2) were in a range that was
reported from mineral soils (Fageria et al., 2002; Storey, 2007;
Reddy and DeLaune, 2008). Their lack of anthropogenic loadings
can describe the similarity of the concentrations of these elements
in the drained and rewetted peatlands.

The concentration of plant-available P in the drained and
rewetted peatlands (Table 3) was higher than that of European
fen peatlands that mostly ranged from 10 to 28 mg kg−1 in the
surface and subsurface horizons (Schlichting et al., 2002). The
concentration of plant available P in both soil depths of the
drained and rewetted peatlands ranged from suboptimal to
optimal concentrations according to soil P fertility
classification for grassland use at peat soils in Northern
Germany (Ministerium für Landwirtschaft und Naturschutz
Mecklenburg-Vorpommern, 1998; Taube et al., 2015;
VDLUFA, 2018). Similarly, the plant-available Mg
concentration was higher than the optimum Mg
concentration required for plant growth (Gerendás and
Führs, 2013). However, the plant-available K indicates the
deficiency range (Kuchenbuch and Buczko, 2011) except for
the surface horizon of the rewetted peatland. In most horizons,
the low plant-available K can be attributed to labile Kmost likely
removed by leaching and plant uptake and temporal storage in
the vegetation.

The phosphatase activity was similar (Table 4) to the one
reported from the peat samples of the Trebel Valley about
20 years ago (Baum et al., 2003) and higher than in the
rewetted peatland of Warnow Valley near Rostock/Germany
(Negassa et al., 2019b). However, the β-glucosidase and the
arylsulfatase activities in the present study were lower than
those reported from boreal peatlands and Everglades wetland
soils, respectively (Wright and Reddy, 2001; Song et al., 2019).
This might be caused by the very dry vegetation period in the year
of sampling (2018), with about half of the precipitation compared
to the long average value at the sampling site. The differences in
the enzyme activities among the various studies and sites can
furthermore be associated with variations in soil pH, labile
organic compounds, plant nutrients, current vegetation cover,
and SOM (Penton and Newman, 2008; Reddy and DeLaune,

2008; Choi et al., 2009; Klose et al., 2011; Menon et al., 2013; Luo
et al., 2017).

The lowest variability of the soil pH in the surface and
subsurface horizons of the drained and rewetted peatlands
(Table 1) indicated its slow changes among the soil sampling
points of each management practice. The similarity in the
variability of soil pH and SOM in the surface and subsurface
horizons of the drained peatland indicated the peatland
management practice similarly influenced both soil horizons.
The higher variability of the SOM, total elements, and the
plant-available nutrients in the rewetted peatland than the
drained peatland (Tables 1–3) illustrated rewetting peatlands
increased soil heterogeneity as revealed by the higher CVs of these
soil parameters in the rewetted peatlands. The main contributing
factors to the heterogeneity of soil properties in the rewetted
peatlands were occasional deposition of the inorganic sediment
materials from the surrounding landscape by erosion and
flooding by the nearby Trebel river. Rewetting also enhances
the recolonization of different patchy plant communities,
affecting soil chemical and biochemical properties (Andersen
et al., 2017). Such patchy vegetation can also trap sediments
entering the rewetted peatland from the surrounding landscapes
and flooding from the nearby rivers that increased microelevation
of the rewetted peatland compared to the drained peatland
(Figure 2). The higher and more dense vegetation in the
rewetted peatland along with lesser or almost no disturbance
by agricultural machinery provided shelter to sounders of boars
that further disturb the near surface soil layers in search of food.

The distribution of SOM and total elements (Figure 3), plant-
available nutrients, and enzyme activities (Figure 4), as revealed
by the PCA, agreed with their variability (Tables 1–4),
unequivocally indicated most of the soil properties in the
drained peatland were less heterogeneous than that of the
rewetted peatland. The continuous disturbance and
fertilization for hay and pasture production contributed to less
variability of the soil properties in the drained peatland than the
soil properties of the rewetted peatland that has been under
nature conservation for about 20 years (Jurasinski et al., 2020).
The less soil variability in the drained peatland than in the
rewetted peatland could also be associated with groundwater
dynamics (Ahmad et al., 2020b).

The high variability of the three enzyme activities in both
drained and rewetted peatlands (Table 4) indicated their
sensitivity to slight changes in soil pH, labile organic
compounds, plant nutrients, current vegetation cover, and
SOM at the smallscale (Penton and Newman, 2008; Reddy
and DeLaune, 2008; Choi et al., 2009; Klose et al., 2011;
Menon et al., 2013; Luo et al., 2017). The positive and
negative correlations among the plant nutrients and enzyme
activities (Figure 4) revealed drainage and rewetting have
opposite effects on plant nutrient cycling. Overall, the similar
variability of the soil properties between the surface and
subsurface horizons of the drained peatland (Tables 1–3) can
be explained drainage uniformly influenced the soil properties in
both horizons. However, the impact of rewetting on the
variability of the soil properties was more pronounced on the
surface horizon than on the subsurface horizons.
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Spatial Variability of Soil Properties
The results of the descriptive and geostatistical analyses mostly
agreed with our initial research hypothesis where rewetting
increased the variability (Tables 1–4) and the spatial
dependency of most soil properties (Tables 5–8). The lack of
spatial dependency of the SOM in the drained peatland can be
attributed to the homogeneity of the site at the soil sampling scale
of the present study. Homogenization of the surface horizon of
the drained peatland was the standard management practice by
frequent tillage and new pasture planting since the 1960s
(Jurasinski et al., 2020; Weil et al., 2020). The strong spatial
variability of soil pH in the surface and subsurface horizons of the
drained and rewetted peatland indicated the strong spatial
dependence is independent of the lowest variability of soil pH
as revealed by the measure of variability (Table 1).

The strong spatial dependence of soil pH and SOM in the
rewetted peatland of the present study (Table 5) agreed with the
results reported from the long-term rewetted peatland of the
Warnow valley of northern Germany (Negassa et al., 2019b) and
soil organic carbon (SOC) for Lesotho’s diverse wetlands
(Nkheloane et al., 2012). Although there is no information on
spatial variability of SOM at large scale sampling intervals in
peatlands, studies conducted on mineral soils revealed that SOC
showed a strong spatial dependence in agriculturally impacted
mineral soils within the semivariogram range of 100 m
(Cambardella et al., 1994; Cambardella and Karlen, 1999).
Another study on mineral soil also reported 85 m
semivariogram range for SOC in agricultural lands (Peukert
et al., 2012). Overall, a patchy vegetation cover at small plots,
soil transportation, groundwater dynamics, and inorganic
sediment deposition, locally exceeding peat accumulation may
contribute to the strong spatial dependency of the soil pH and
SOM in the rewetted peatland. In addition, the microrelief
created during the rewetting processes likely also influenced
the spatial variability of the SOM concentration and redox
potential in the rewetted peatland (Figure 2).

The lack of spatial dependence of the total element
concentrations in drained peatland (data not shown) can be
attributed to peatland variability, often changing randomly
when subjected to a set of internal (biogeochemical processes)
and external (drainage) stressors (Brooks et al., 2005). The major
contributing factors to the strong and moderate spatial
dependence of the total elements in the rewetted peatland
(Table 6) can be attributed to lateral and vertical movements
of soil materials systematically during rewetting and drying cycles
in wet winter and dry summer seasons, respectively. In this
respect, the more pronounced spatial dependence at the
uppermost soil horizons indicates a significant influence of
surface-near processes such as flooding and sediment input
from the nearby river, established plant species from seedlings,
or transported rhizomes (Bruland and Richardson, 2005; Bruland
et al., 2006). These near-surface processes perhaps contributed to
establishing patchy grass species such as Deschampsia caespitosa,
Carex acutiformis, Juncus subnodulosus, and Phalaris
arundinacea in rewetted fen peatland compared to only one
predominant grass species (Deschampsia cespitosa) in the
drained peatland. Other factors like swelling/shrinking and

rooting may somehow alter the previous difference from
surface processes (Camporese et al., 2006; Nijp et al., 2019).
These together could explain why the strong andmoderate spatial
dependency at the surface and subsurface horizons of the
rewetted fen peatland, respectively.

Like the other soil properties, the lack of spatial dependence in
the plant-available P and Mg in both soil depths of the drained
peatland (Table 7) is explained by the long-term drainage,
occasional tillage, and fertilization. These agronomic practices
most probably randomly changed the soil properties. The drained
peatland was also covered with the same grass species for pasture
improvement, which plausibly explains the independence of
many soil properties compared to the rewetted peatland
covered with diverse patchy vegetations (Jurasinski et al.,
2020). The strong spatial dependence of the plant-available
nutrients in the rewetted peatland (Table 7) agreed with the
results reported from the long-term rewetted peatland (Negassa
et al., 2019b). Factors that influenced soil pH, SOM, and total
element concentrations such as patchy vegetation, sediment input
by flooding and overland flow, and physical peat alteration also
influenced plant-available nutrients in the rewetted peatland. For
example, micro-elevation can create a potential hotspot for faster
peat degradation than the lower micro-elevation, where water
stands and favors peat accumulation (Ahmad et al., 2020a). The
soil water characteristics, hydraulic conductivity, total porosity,
groundwater dynamics can also influence peat accumulation,
degradation rates, and matter transportation (Ahmad et al.,
2020b; Wang et al., 2021).

Hotspots of the extracellular enzyme and root activity at
microsites (Spohn and Kuzyakov, 2014) perhaps contributed
to the strong spatial dependences of the three enzyme
activities within the 5–9 m semivariogram ranges in both
drained and rewetted peatlands (Table 8). The strong spatial
variability of the enzyme activities in the present study also agreed
with a similar study conducted on the long-term rewetted
peatland, where the strong spatial dependence appeared within
the 5 m semivariogram range (Negassa et al., 2019b). The
similarity in spatial variability in the acid phosphatase, β-
glucosidase, and arylsulfatase activities in both drained and
rewetted peatland can be attributed to their similarity in soil
water content during the soil sampling. The soil water content
also governs microbial biomasses, individual microbial
community structure, redox potential, soil pH, substrate
quality, and other physicochemical properties that influence
soil enzyme activity (Dick and Kandeler, 2004; Baldrian,
2014). The spatial heterogeneity of enzyme activities was high,
even at scales smaller than a few square centimeters (Baldrian,
2014). The strong spatial dependency of soil enzyme activities in
the drained and rewetted peatlands in the present study (Table 1)
can also be explained by similarity in their substrate quality and
soil water content at sampling (Straková et al., 2011).

Implication for Monitoring Peatland
Restoration
Rewetting drained and degraded peatlands for restoring
biodiversity, carbon sequestration, water purification, and
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alleviating ecologically undesired biogeochemical processes have
been understood for decades. As a result, peatland restoration has
been one of the crucial programs for environmental protection in
Europe and North America for the last two decades (Chimner
et al., 2017; Leifeld and Menichetti, 2018; Renou-Wilson et al.,
2019). The influence of peatland restoration on soil
biogeochemical processes from the inception to the long-term
has been investigated without considering the spatial variability of
soil properties. Considering, mainly, soil properties determined
from the heterogeneous and mosaic of restored peatlands as
random factors could result in either under or overestimation
of the soil properties that can be used as indicators of peat
restoration. In the present study, all the 17 soil properties
from the surface soil horizons and 14 soil properties of the
subsurface horizons of the rewetted peatland and soil pH and
enzyme activities of the drained peatlands exhibited strong spatial
dependence within a specific semivariance range for each soil
property in a studied plot of 900 m2 of each site (Tables 5–8).
Using the designed soil sampling and data analysis methods for
such strongly spatially dependent soil properties does not
represent the impact of peatland restoration on soil
properties because dependent soil variables are considered
independent. For instance, in designed based soil sampling
and data analysis methods, the mean of strongly spatially
dependent acid phosphatase was 2,112 and 1,575 µg PNp g−1

soil h−1 in drained and rewetted peatlands (Table 4),
respectively. However, their values ranged from 870 to
4,100 µg PNp g−1 and 413 to 3,278 µg PNp g−1 for the
drained and rewetted peatlands, respectively, and reporting
the mean of the soil enzyme activity with such substantial
range does not indicate the actual impact of management
practices for the studied plot. Such approaches contradict the
spatial relationship of soil properties since the values of a soil
property from the soil sampling points closer distances are more
similar than those of the soil sampling points further apart
(Webster and Oliver, 2007; Casado et al., 2013). Thus, the soil
sampling and data analysis methods should consider such
spatial relationships of soil properties among the values of
the soil sampling points.

The model-based soil sampling and data analysis methods do
not consider the means of a soil parameter of all the sampling
points but the mean of a soil parameter obtained from the
sampling points within the semivariance range. The values of
a soil parameter obtained beyond the sampling points of the
semivariance range are independent of those obtained within the
semivariance range. Let’s consider the phosphatase activity again
in the drained and rewetted peatlands; the semivariance ranges
for the drained and rewetted peatlands were 5 and 9 m,
respectively (Table 8). Only the mean of soil sampling points
within the semivariance range can be averaged and interpolated
on the map if required. In practical terms, the soil samples
obtained within the radii of 5 and 9 m of the drained and
rewetted peatlands can be composited, or the acid phosphatase
activity can be averaged and mapped depending on the objective
of the study, respectively. The same principles apply to the soil
properties either moderately or strongly spatially dependent in
the present study.

To illustrate graphically, we presented spatial heterogeneity of
SOM in the drained and rewetted peatland (Figure 5). The SOM
was spatially independent in the drained peatland while strongly
spatially dependent in the rewetted peatland. The SOM in the
drained peatland changed randomly since it had no sill and
semivrance range. Under such circumstances, the appropriate
soil sampling method to study SOM in the drained peatland is the
classic design-based soil sampling. However, the SOM was
spatially dependent in rewetted peatland; the SOM changed
systematically within the semivariance range of 19 m where
spatial soil sample method need to be employed. In this case,
the value of SOM was similar within the semivariance range of
19 m. If the soil properties are spatially dependent, the soil
sampling has to be done separately for every semivariance
range. Under such circumstance, value of a soil property either
systematically increases or decreases from an initial sampling
point, and taking average values beyond the semivariance range
could not represent the actual field condition.

Overall, the results of the present study and a previous study
(Negassa et al., 2019b) showed that long-term rewetting increased
the spatial variability of soil chemical and biochemical properties.
As a result, any future study monitoring biogeochemical processes
such as soil carbon sequestration, biochemical activities, microbial
community structure, greenhouse gas emissions, and nutrient
cycles in long-term restored peatlands should consider spatial
soil sampling and geostatistical data analysis to capture the
heterogeneity of the ecosystem. Applying the design-based soil
sampling and data analysis methods in such heterogeneous
experimental units could underestimate the benefits of rewetting
drained and restoring degraded peatlands for ecosystem goods and
services. Although both designed and model-based soil sampling
and data analysis have their own merits and demerits (Casado
et al., 2013), considering the relative advantage of the methods and
policy implications of the research results are crucial for sustainable
use of peatland ecosystems.

In conclusion, this study reported the impact of long-term
peatland drainage and restoration on the spatial variability of
the selected soil chemical and biochemical properties for the
first time. The study results revealed that most soil properties in
the surface and subsurface horizon of the long-term drainage
lacked spatial dependence. In contrast, all the soil chemical and
biochemical properties in the surface and subsurface horizons of
the restored peatland were strongly spatially dependent. The
lack of spatial dependence of most soil chemical properties in
the drained peatland unequivocally discloses that the designed-
based soil sampling and data analysis methods can be used for
future research at the current sampling scale. However, the
design-based soil sampling approach does not fit the rewetted
peatland, where almost all the soil properties exhibited a strong
spatial dependence at the 4–20 m semivariance ranges.
Although spatial variability of soil properties is scale-
dependent, we conclude that spatially resolved soil sampling
and geostatistical data analysis are required to monitor
biogeochemical processes in restored peatland at the scale of
the present study for similar fen peatland, land-use history, and
pedogenesis. Furthermore, it is likely though completely
unknown if spatial variations in the fen peat soil properties
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could change annually. This is a very interesting and challenging
research topic but would require large numbers of soil samples
to be taken and analyzed.
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