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SUMMARY 
 
Over the past century, mires and peatlands have faced a wide range of degradation by artificial drainage, 
making them one of the most threatened ecosystems in Europe. However, restoration of drained peatlands 
has gained much importance over the last three decades, mostly due to the multiple ecosystem services they 
provide such as carbon storage, habitat provision and water flow regulation. Although there has been an 
increased focus on such ecosystems, spatial research on hydrophysical soil properties following rewetting in 
coastal mires is lacking. Therefore, the objectives of the study were to understand the spatial structures of 
hydrophysical properties of organic soils and spatial patterns of organic matter accumulation in relation to 
soil surface microtopography. Soil organic matter content (SOM) and hydraulic conductivity (Ks) of topsoils 
(0–28 cm), along with soil textures of the underlying mineral substrate, were investigated in a rewetted non-
tidal coastal flood mire (Baltic Sea). The results indicate that the organic horizon with its relatively low Ks 

acts as a hydrological barrier to infiltration. Soil organic matter content (SOM), Ks and soil surface 
microtopography are all spatially auto-correlated within 100, 87 and 53 m, respectively. Bivariate Moran’s I 
revealed a positive but weak spatial correlation between SOM and Ks and a moderately strong negative 
spatial correlation between SOM and soil surface microtopography. A map of SOM was generated using 
simple kriging, which predicts higher SOM in the centre of the ecosystem, at lower elevations; and lower 
SOM at the edges of the study area, at higher elevations. Local depressions in the centre of the ecosystem 
provide a wetter and therefore more anaerobic environment, thereby decreasing carbon mineralisation rates 
and enabling peat accumulation. The low hydraulic conductivity of the degraded peat in the presence of 
lower micro-elevations in the centre of the ecosystem is likely to increase the residence time of floodwater 
and thus may enhance (new) peat accumulation.  Thus, we conclude that, for the restoration of non-tidal 
coastal mires where flooding events are not as frequent, Ks and soil surface microtopography are even more 
important factors to consider than for tidal systems. 
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INTRODUCTION 
 
Mires and peatlands account for only 3 % of the 
global land surface (Yu et al. 2010), primarily 
occurring in boreal and temperate regions, with a 
smaller proportion in the tropics. Nevertheless, they 
may store of up to 644 Gt of carbon (Yu et al. 2010, 
Page et al. 2011, Dargie et al. 2017) or about 21 % 
of the global total soil organic carbon stock of 
3000 Gt (Scharlemann et al. 2014, Leifeld & 
Menichetti 2018). Carbon sequestration and 
greenhouse gas emissions avoidance through 
peatland restoration have been recognised as climate 
change mitigation strategies. Furthermore, at 
present, human activities are either draining or 
mining about 12 % of global peatlands (Joosten 

2010), thereby changing them from long-term 
carbons sinks into sources (Leifeld & Menichetti 
2018) by accelerating the carbon mineralisation 
process of soil organic matter (Brandyk et al. 2002). 

Mires and peatlands that are located in low-lying 
coastal areas are of particular interest, as coastal 
wetlands sustain the highest rates of carbon 
sequestration per unit area of all ecosystems (Rogers 
et al. 2019). In low-lying coastal areas, peatlands 
form by the accumulation of organic material over 
millennia and are often regarded as the interface 
between the land and the sea. While there is a large 
uncertainty in terms of the total land area of coastal 
peatlands (Henman & Poulter 2008), analysis by 
Chmura et al. (2003) reveal that saline wetland soils 
(including salt marshes and mangrove swamps) 
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store more than 10,000 Tg of carbon. Nevertheless, 
coastal peatlands face additional threats from 
climate change as rising global sea levels may drive 
future releases of stored carbon (Henman & Poulter 
2008, Whittle & Gallego-Sala 2016). 

Drainage of peatlands can alter hydro-physical 
properties of peat soils such as soil organic matter 
content (Heller & Zeitz 2012), pore structure and 
hydraulic conductivity (Zeitz & Velty 2002, Liu et 
al. 2016, Rezanezhad et al. 2016) and consequently 
may alter hydrological processes (Holden & Burt 
2003, Holden et al. 2006) as well as change water 
chemistry (Holden et al. 2004) and vegetation 
composition (Schrautzer et al. 2013). As hydraulic 
properties control soil moisture, they in turn drive 
carbon and nitrogen dynamics (Kluge et al. 2008). 
For example, under water-saturated conditions, the 
low oxygen available limits microbial activity and 
CO2 fluxes (Säurich et al. 2019). Denitrification is 
limited by water availability while nitrification is 
limited by aeration (Säurich et al. 2019). Thus, 
when there is a lack of soil moisture, aeration of the 
peat and subsequent mineralisation and nitrification 
of organic nitrogen releases large amounts of 
nitrates (Holden et al. 2004, Tiemeyer & Kahle 2014). 

Soil surface microtopography, which is the 
micro-elevation of the surface of the soil (Li &  
Chen 2012), can have a large influence on flow 
processes at the soil surface (Fox et al. 1998, van 
der Ploeg et al. 2012). Microtopographic variation 
translates into differences in hydrology within a 
wetland, with topsoil and vegetation being drier at 
higher elevations than in depressions because of 
increased distance from the water table (Benscoter 
et al. 2005). Therefore, microtopography can give a 
good insight into the wetness of a given area, 
influenced by both groundwater and surface water 
dynamics, and thus can be associated with spatial 
patterns in soil organic matter content (SOM). For 
example, Zheng et al. (2019) showed that there is 
less SOM at higher elevations because it 
decomposes faster under aerobic conditions than 
under anaerobic conditions. 

Soil organic matter content and bulk density are 
generally negatively correlated both in mineral soils 
(Adams 1973, Rawls 2004, Perie & Ouimet 2008, 
Liu & Lennartz 2019a) and in organic soils (Adams 
1973, Perie & Ouimet 2008, Liu & Lennartz 2019a). 
Additionally, SOM and total porosity are positively 
correlated (Kechavarzi et al. 2010, Grover & 
Baldock 2013, Liu & Lennartz 2019a). Furthermore, 
SOM and Ks have been found to be positively 
correlated according to Zare et al. (2010), Nath & 
Krishna (2014) and Zhang et al. (2018) for mineral 
soils and by Boelter (1969) and Liu & Lennartz 

(2019a) for peat soils. 
Although it is well acknowledged that physical 

soil properties and hydraulic parameters have spatial 
dependencies (Bevington et al. 2016), our 
understanding of spatial variability of hydrophysical 
properties of organic soils is limited compared to 
that of mineral soils (Lewis et al. 2012). There is a 
wealth of studies which predict mineral soil 
properties as part of the digital soil mapping 
literature (Ma et al. 2019), some of which focus on 
peat (Minasny et al. 2019), although most of these 
studies focus on much larger scales (e.g. 
subnational, national, regional, global) than that of 
the present study. Digital mapping methodology 
combines field observations with factors that are 
known to affect soil properties. For example, 
Rudiyanto et al. (2018) utilised digital elevation 
models, geographical information and radar images, 
along with machine learning models, to derive 
spatial prediction functions and map peat thickness 
on an island in Indonesia. Kriging methods have 
also been used in several studies to predict peat 
thickness (Beilman et al. 2008, Altdorff et al. 2016) 
and volume (Jaenicke et al. 2008). 

Microtopography is known to affect soil 
hydrophysical properties in mire ecosystems. A 
study conducted by Baird et al. (2016) found clear 
patterns in Ks between adjacent hummocks and 
hollows (microforms) at 0.5 metre depth in a raised 
bog. Morris et al. (2019) also explored the effect of 
microforms on Ks (vertical and horizontal), and 
collected samples from hummocks and lawns in a 
raised bog. They found a strong independent 
influence of microhabitat on log-transformed 
vertical Ks. Similarly, Branham & Strack (2014) 
found Ks to be higher in hummocks than in the 
hollows at the surface of a Sphagnum-dominated fen 
and bog. Such relationships between 
microtopography and soil hydrophysical properties 
have been generally explored in raised and blanket 
bogs with little to no focus on other mire systems. 
Thus, there is a gap in our understanding of such 
relationships in degraded coastal mires following 
rewetting. 

Therefore, the objectives of our study are to 
(1) understand spatial structures of hydrophysical 
properties of organic soils, (2) investigate spatial 
patterns of organic matter accumulation in relation 
microtopography, and (3) understand the role of the 
organic horizon with respect to underlying mineral 
soil with respect to hydrological connectivity, in a 
coastal flood mire. We also use spatial measurements 
of hydrophysical properties (Ks and SOM) and soil 
surface microelevation to make spatial predictions, 
which has not been done in coastal mires. 
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METHODS 
 
Study site 
The study site lies in the north-eastern German 
federal state of Mecklenburg-Western Pomerania 
which is home to around 3000 km2 of peatlands 
(13 % of the total land area of the state; Tiemeyer et 
al. 2006). The study site is part of a non-tidal coastal 
flood mire known as "Karrendorfer Wiesen" and is 
located (54.1576°  N, 13.3860°  E) between 
Greifswald and Stralsund, on a peninsula in the 
Baltic Sea (Figure 1). Karrendorfer Wiesen has an 

area of approximately 3.5 km2 and is a part of the 
400 km2 of coastal peatlands covering the state 
(Jurasinski et al. 2018). It is characterised by weakly 
undulating ground moraine, which was flooded 
during postglacial transgressions. Currently it lies 
within the natural flooding zone of the 
“Nordmecklenburgschen Bodden” (Bernhardt & 
Koch 2003). The study site was drained in 1820. In 
1850, a dike system was constructed and the area 
was used intensively as cropland and pasture. The 
height of the dike was increased between 1971 and 
1974. The dike blocked the flow of seawater 

 
 

 
 
Figure 1. Location of the study area “Karrendorfer Wiesen”.  The white dots on the map show the 
locations where soil samples were collected. 
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flooding to the mires, reducing soil salinity; and the 
accomplished drainage lowered the water table, 
accelerating organic matter mineralisation. 
However, in the early 1990s the area lost its 
importance as pasture due to a small number of 
landowners coupled with the poor condition of the 
old dike system (Lampe & Wolrab 1996). Thus, in 
1993 the old dikes were removed and a new dike 
system was built so as to reinitiate natural flooding 
dynamics on part of the area (Beyer et al. 2019). 
Currently this area is used as a low-intensity  
pasture (Bernhardt & Koch 2003, Beyer et al. 
2019). Karrendorfer Wiesen is recognised as a 
“National Natural Heritage” by the Federal 
Government of Germany, and is therefore protected 
for nature conservation. It is also an important 
coastal bird sanctuary (Janssen et al. 2019, July 16). 

The coastal mire is represented by a mosaic of 
micro-elevational changes consisting of marly till 
and sandy soils, and interspersed low-lying areas 
(Bernhardt & Koch 2003) consisting of fen gley 
soils with 13–28 cm of peat (Janssen et al. 2019). 
Peat is an organic soil which is composed of 
partially decomposed plants (Kelly et al. 2017). 
According to Rydin & Jeglum (2006) there is no 
general agreement on how to define peat using 
organic matter content and its defining range may 
vary from 20 % to 80 % organic matter by weight. 
For this reason, coupled with the fact that there is 
high variance of the percentage of organic matter 
found in our samples, throughout this article we 
refer to the soils of this coastal mire as “organic 
soil” or “peat”. The pH of the soil ranges from 4.4 
to 6.1 depending on the depth. The soils have a bulk 
density of around 0.57 g cm-3 with a total porosity of 
0.71 cm3 cm-3 (Liu & Lennartz 2019b). 

According to vegetation data collected by Beyer 
et al. (2019), the study site is characterised by salt 
marsh species. Agrostis stolonifera is the most 
dominant species followed by Alopecurus 
geniculatus and Juncus gerardii. Elymus repens, 
Triglochin martima, Deschampsia cespitosa, 
Trifolium repens and Trifolium hybridum occur 
sporadically while Spergularia salina, Poa 
pratensis, Potentilla anserina, Aster tripolium and 
Plantago maritima appear less often throughout the 
study area. 
 
Soil sample collection and saturated hydraulic 
conductivity determination 
The sampling frame covers an area of 6000 m2 

(200 × 30 m). For determining soil organic matter 
content (SOM), soil samples at a depth of about 
15 cm were collected using a gouge auger every 
10 metres at 80 points. Prior to soil sample 

collection, at the same depth, in situ saturated 
hydraulic conductivity (Ks) was measured using a 
direct-push piezometer with falling head which has 
been used for peat soils in previous studies 
(Ronkanen &  Kløve 2005, Saarinen et al. 2013, 
Postila et al. 2015, Mustamo et al. 2016). This 
device is particularly useful for our study area 
because laboratory based Ks measurements would 
require the collection of large amounts of 
undisturbed soil which is not possible given the 
protection status of the Karrendorfer Wiesen. Other 
field methods for measuring Ks such as the 
piezometer slug test would require extensive 
installation of piezometer pipes, which is again not 
feasible given the protection status of the study site. 
However, Ks could be measured at only 39 points, as 
it was not possible to penetrate the soil surface at all 
locations using the device. 

The direct-push piezometer (see Figure 2) is 
inserted into the soil at the desired depth slowly and 
without any twisting motion to avoid potential 
smearing. Additionally, a tripod with a clip is used 
to hold the device in place. Afterwards, water 
collected from the field site is poured into the 
reservoir. The hydraulic head is noted after which 
the control valve at the base of the reservoir is 
released to allow the water to flow through the pipe. 
At the tip of the piezometer, there is a meshed 
opening (the screen) on two sides with a diameter of 
2 cm. It is here that the piezometer water comes into 
contact with the soil. The falling head is timed and 
recorded. Due to loss of head in the piezometer the 
method allows for accurate Ks measurements below 
0.002 m s-1 (Ronkanen & Kløve 2005). Prior to 
carrying out fieldwork, several in situ measurements 
of Ks using the direct-push piezometer were 
compared to several laboratory measurements using 
a constant-head upward-flow permeameter (Liu et 
al. 2016) on undisturbed soil samples collected from 
the same locations (see Figure A1 in the Appendix). 
Results from both methods are statistically similar. 

The rate of the outflow (q) at the piezometer 
screen/outlet at any time (t) is proportional to the 
hydraulic conductivity (K) of the soil and to the 
unrecovered head difference (H - h) (Hvorslev 1951, 
Mustamo et al. 2016), so that: 
 
𝑞𝑞(𝑡𝑡) =  πr2 𝜕𝜕ℎ

𝜕𝜕𝜕𝜕
= 𝐹𝐹𝐹𝐹 (𝐻𝐻 − ℎ)     [1] 

 
where r = radius of the piezometer reservoir (m), 
H = water level from outflow point of piezometer 
(m), h = water level in the reservoir (m), F = 9 
(dimensionless), shape factor calculated according 
to equation provided in Akanegbu (2013), t = time (s). 
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Figure 2. A schematic diagram of a direct-push 
piezometer with falling head (adapted from 
Ronkanen & Klove, 2005). Height from the 
centre of the outlet screen = 265 cm; r (inner 
radius of the reservoir) = 4.0 cm; length and 
diameter of the outlet screen = 1.2 cm; H = water 
level from outflow point of piezometer; H0 = the 
initial water level in the reservoir, h = water level 
in the container at a time point t. The tip of the 
device is sharp and connected smoothly to the 
body of the device to avoid compression of soil 
when inserting into the ground. 

 
 

From Equation 1 the following equation may be 
derived: 
 
𝑙𝑙𝑙𝑙 � ℎ−𝐻𝐻

𝐻𝐻0−𝐻𝐻
� = −  𝐹𝐹𝐹𝐹

πr2 𝑡𝑡      [2] 
 
A plot of the left-hand side of Equation 2 against 
time represents a straight line on a semi-logarithmic 
graph. Therefore, K can be calculated from the slope 
of this straight line. 

Due to the shallow depth of peat (13–28 cm), it 
is important to understand the role of the underlying 
mineral horizon in terms of groundwater flow. 
Therefore, further soil samples were collected from 
three locations (B2, B9, and B20; see Figure 1) at 

depths of 20–40 cm, 40–60 cm, and 60–80 cm for 
textural analysis. 
 
Laboratory analysis 
Soil organic matter content (SOM) was determined 
by loss-on-ignition according to DIN 18128 (DIN 
2002) and expressed as weight percent (%w/w). 
Advantages of this method are (1) a large number of 
samples can be run simultaneously and (2) 
equipment cost is low (De Vos et al. 2005). Another 
prominent method of determining SOM is the 
Walkley-Black acid digestion method. However, for 
soils with high organic matter content this method 
may result in inaccuracies due to incomplete 
oxidation of organic carbon in the sample (Lefèvre 
et al. 2017). 

Additionally, particle size distribution (soil 
texture) from locations B2, B9 and B20 and three 
depths of the mineral horizons (20–40, 40–60 and 
60–80 cm) was determined using the sieving and 
sedimentation method according to DIN ISO 11277 
(DIN ISO 2002). Prior to soil texture analysis, all 
samples were tested for carbonates by using 10 % 
HCl which did not result in any fizzing indicating a 
lack of significant amounts of carbonates. 
SEDIMAT 4-12 (UGT), which works on the basis 
of the KÖHN analysis to DIN ISO 11277, was used 
to determine the three silt fractions (coarse, medium, 
fine) and one clay fraction. The remaining sand 
fractions were further separated using sieves with 
mesh sizes of 63 µm, 200 µm, and 630 µm. 
 
Elevation data and geostatistical analysis 
All sampling locations and corresponding soil 
surface elevations were recorded using a high 
precision GNSS receiver (Leica Viva GS08 plus) 
which uses real-time kinematic positioning. ArcMap 
10.5.1 was used to analyse spatial data. Using the 
Geostatistical Wizard, accessed through 
Geostatistical Analyst extension, empirical 
variograms of Ks (log-transformed), SOM and soil 
surface microtopography (SSM) were generated. 
Empirical variograms of Ks (log-transformed) and 
SSM were fitted with Gaussian models, while the 
variogram of SOM was fitted with a “Stable” model 
with parameter = 1.898. These variograms were 
then utilised to generate prediction maps using 
“simple kriging” method. For calculation of partial 
sill and nugget, weighted least squares was used. 
The models and the parameters are described in the 
Results section (see Table 3). 

A “leave-one-out” method was used for cross 
validation. Each data location is removed, one at a 
time, and the associated data value is predicted. The 
predicted and actual values at the location of a 
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removed point are then compared and this procedure 
is repeated for a second point, a third and so on. All 
the measured and predicted values were compared 
using scatterplots and quantile-quantile plots. Plots 
of predicted versus observed values of all three 
variables (Ks, SOM, and SSM) are provided in 
Figure A2. The maps of prediction standard errors 
for all three kriged variables are presented in 
Figure A3. 

For understanding the association between 
observed SOM and Ks and between SOM and SSM, 
in addition to calculating the conventional Pearson 
correlation, bivariate Moran’s I was computed using 
GeoDa version 1.12, as it is more suitable for 
variables with spatial dependencies. Lee (2017) 
states that bivariate spatial dependence refers to 
circumstances in which observational units in close 
proximity hold shared information in terms of their 
bivariate association, and this violates the 
assumption of independent sampling. Thus, the 
shared information spuriously strengthens or weakens 
the nature of correlation between the two variables 
under investigation, thereby making any conventional 
statistical inferences considerably questionable. 

Moran’s I is a well-known indicator of spatial 
autocorrelation. Moran’s I values range from -1 to 1. 
A ‘0’ value indicates no spatial autocorrelation (i.e. 
perfect spatial randomness). A ‘-1’ suggests perfect 
negative spatial autocorrelation or clustering of 
dissimilar values (i.e. perfect dispersion) while +1 
indicates perfect clustering of similar values or, in 
other words, high values or low values cluster 
together (Tu & Xia 2008). Similar to the univariate 
Moran’s I, the bivariate Moran’s I can help to 
understand spatial dependencies but it helps to 
assess such relationships between two variables 
instead of one. The bivariate Moran’s I can be 
visualised as the slope in a scatterplot of the 
spatially lagged values of one variable (e.g. soil 
organic matter) on the second variable (e.g. soil 
surface microtopography). If the slope of this 
scatterplot is significantly different from zero, then 

there is a bivariate spatial relationship between the 
two variables (Sridharan et al. 2007). The test is 
based on an assumption of constant mean and a 
constant variance (Anselin 2019). 
 
 
RESULTS 
 
Hydrophysical soil properties and soil surface 
microtopography 
The Ks values of investigated soils ranged from 
5.56  × 10-9 m s-1 to 4.64 × 10-7 m s-1, and had the 
highest coefficient of variation (CV) = 199.99 %, 
while the soil organic matter content (SOM) varied 
from 1.36 to 59.29 wt% with a CV of 56.65 %. SSM 
had a very low CV of around 24 % and ranged from 
223 cm to 918 cm above mean sea level (Table 1). 
 
Soil texture of the underlying mineral horizon 
Soil texture analysis of the mineral soils underlying 
the peat horizon (0–20 cm) at three locations reveals 
that for almost all the locations and all depths, the 
soil can be classified as sandy loam (following 
USDA) and as medium loamy sand according to 
German soil textural classification (Eckelmann et al. 
2006). Table 2 provides the detailed results of the 
texture analysis. 
 
Spatial structure of hydro-physical soil 
properties and surface microtopography 
Variograms provide a measure of the spatial 
dependence of soil properties. Both soil properties 
as well as SSM can be observed to be spatially 
dependent. While log(Ks) follows a Gaussian curve 
(R2 = 84.85), SOM follows a Stable model with a 
parameter of 1.898 (R2 = 90.93). The semivariance 
of log(Ks) increases initially and then levels out at a 
lag distance of 87 m while SOM levels off at a 
slightly higher lag distance of 100 m (see Figure 3). 
Therefore, beyond these separation distances the 
hydro-physical soil properties under investigation 
are not auto-correlated. Soil surface

 
 
Table 1. Summary statistics for hydraulic conductivity (Ks), soil organic matter (SOM) and soil surface 
microtopography (SSM). 
 
Soil variables Mean SD CV (%) Minimum Maximum n 

Ks (m s-1) 4.17 × 10-8 8.33 × 10-8 199.99 5.56 × 10-9 4.64 × 10-7 39 

SOM (%w/w) 21.36 12.10 56.65 1.36 59.29 80 

SSM (m above MSL*) 0.57 0.14 24.56 0.22 0.92 80 
*MSL = mean sea level. 
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microtopography (SSM) follows a Gaussian curve 
(R2 = 93.64), with the semivariance increasing until 
the range of 53 m and afterwards levels out. 

The nugget to sill ratio (NSR) of 57.3 %, 55.2 % 
for Ks and SOM, respectively, indicates only a 
moderate spatial autocorrelation (following 
Cambardella et al. 1994) for both soil properties. 
However, for SSM, a NSR of about 13 % indicates 
strong spatial autocorrelation (Table 3). Thus, SSM 
is more strongly autocorrelated than Ks and SOM. 

Ideally, at zero separation distance (h) the 
variance should also be zero. However, many soil 
properties have non-zero variances as h tends to 
zero (Trangmar et al. 1985). The variance at zero 
lag distance is called the nugget effect which 
represents the local variation occurring at scales 
finer than the sampling interval, such as those due to 
sampling error, fine-scale spatial variability and the 
measurement error. Log(Ks) has a slightly higher 
nugget effect (0.775) compared to that of SOM 
(0.698), while SSM has a much smaller nugget 
effect (0.139) indicating much lower errors and 
lower fine-scale spatial variability. 
 
Spatial heterogeneity of hydraulic conductivity, 
SOM and soil surface microtopography 
There is a general tendency for Ks to increase in the 
direction of the sea, with no clear tendencies closer 
to the inland water bodies (Figure 4A). However, 
the plot of predicted Ks versus observed Ks shows 
that predictions of Ks have substantial errors, 
especially in comparison to the plots of SOM and 

SSM (see Figure A2). It can be observed that there 
is higher SOM closer to the centre, while much 
lower SOM at the West and South East ends of the 
study area (Figure 4B). The SSM map shows the 
highest elevation class (0.76–0.92 m) at the edges 
(West and South East of the map) and the lowest 
elevation classes (0.22–0.37 m) at or around the 
centre (Figure 4C). Therefore, the spatial 
distribution of SOM can be described by the spatial 
variation in microtopography in the study area. This 
can be further illustrated by the bivariate association 
between the two variables (see Figure 5), discussed 
in the next subsection. 
 
Bivariate spatial dependencies 
A significantly moderate and positive Pearson 
correlation was obtained between log(Ks) and SOM 
(r = 0.53, p = 0.0008). In terms of bivariate spatial 
autocorrelation between the two variables, a positive 
Moran’s I was found (Moran’s I = 0.1440) which, 
although low, is still significant (pseudo-p = 0.02, 
permutations = 999, z = 2.1870). 

A negative spatial autocorrelation (Moran’s I 
= -0.2993) between SOM and SSM were found to 
be significant (pseudo p-value = 0.001, permutations 
= 999, z = -5.67, weights generated using Queen’s 
contiguity; see Figure 5). This means that both SOM 
and SSM are significantly and negatively spatially 
autocorrelated - a decrease in soil surface elevation 
is associated with an increase in SOM across space. 
The possible underlying mechanism behind this is 
discussed in the following section. 

 
 
Table 2. Soil texture classes according to German classification (Eckelmann et al. 2006). The English terms 
for the German soil classes were used after Bormann (2007).  
 

Location Depth (cm) Clay Silt Sand Soil Texture Class 
(Germany) 

B2 

20–40   6.80 37.57 55.63 medium silty sand 

40–60   9.26 33.44 57.30 medium loamy sand 

60–80 16.65 28.85 54.50 highly loamy sand 

B9 

20–40 12.67 36.25 51.08 highly loamy sand 

40–60   5.59 24.70 69.70 slightly loamy sand 

60–80 10.36 23.95 65.69 medium loamy sand 

B20 

20–40 10.01 27.94 62.04 medium loamy sand 

40–60 11.14 27.31 61.55 medium loamy sand 

60–80   8.87 20.89 70.24 medium loamy sand 
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Figure 3. Empirical variogram (+) and modelled 
variogram (—) of (A) saturated hydraulic 
conductivity (m s-1, log-transformed), (B) soil 
organic matter content (% w/w) and (C) soil surface 
microtopography (m above mean sea level). 
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Table 3. Variogram models and parameters for SOM and log(Ks). 
 

Soil 
property Model Nugget 

(C0) 
Sill 

(C0+C) 
Partial sill 

(C) 
C0/ C0+C 

(%) 
Range 

(m) 
R2 

(%) 

Log(Ks) Gaussian 0.775 1.352 0.577 57.322   87 84.85 

SOM Stable 
(Parameter = 1.898) 0.698 1.264 0.566 55.222 100 90.93 

SSM Gaussian 0.139 1.067 0.928 13.027   53 93.64 

 
 
 
 

   
 
Figure 4. Contour maps showing spatial distribution of (A) Ks (m s-1), (B) SOM (%w/w) and (C) SSM (in 
metres above mean sea level). 
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Figure 5. Bivariate Moran’s I showing the spatial 
relationship between observed soil surface 
microtopography (micro-elevation) and observed 
soil organic matter content (lagged). 

 
 
 
DISCUSSION 
 
Compared to mineral soils, organic soils of coastal 
flood mires are less studied, especially in relation to 
space and microtopography. Our study investigates 
existing spatial structures and patterns of soil 
hydrophysical properties such as SOM and Ks and 
how microtopography may affect such properties. 
Understanding spatial patterns of the accumulation 
of SOM and distribution of Ks and how they are 
modified by surface microtopography in such mire 
ecosystems are of particular interest since formation 
of peat and maintaining hydrological connectivity 
are prerequisites for the effective restoration of mire 
and peatland ecosystems. 

Analysis of SOM of the topsoil (organic horizon) 
reveals that the coastal flood mire has a mean SOM 
of 21.4 % (SD = 12.1 %), ranging from 14 % to 
around 60 %, with a CV of 57 % which is indicative 
of a very high variation following Warrick (1980) 
and Paz Ferreiro et al. (2016). For mineral soils, 
Bernardi et al. (2017) reports a substantially lower 
CV for SOM, of around 15 %, while Paz Ferreiro et 
al. (2016) reports CV ranging from 27 % to 40 % 
(depending on soil depth and land use). For peat 
soils of a drained wetland located in the Qinghai-
Tibet plateau of China, Bai et al. (2010) reports a 
CV of 9 % for soil organic carbon which is a 
substantially lower variation than that of the current 

study. Land use can also have an effect on the 
variation of soil organic matter in peat soils with CV 
ranging between 109 % in arable peat, 68 % in 
woodland peat, 45 % in grassland peat and 38 % in 
moorland peat according to a study carried out in 
south-west England (Glendell et al. 2014). 

For the organic horizon of the study site, the 
mean Ks is 4 × 10-8 m s-1 (SD = 8 × 10-8 m s-1) with a 
minimum of 6 × 10-9 m s-1 to a maximum of 5 × 10-7 
m s-1. Our values of Ks are very low, about 2 to 4 
orders of magnitude lower than that estimated by 
van Dijk et al. (2017) for peat sediments in a coastal 
wetland of the Netherlands (around 7 × 10-5 m s-1). 
Ks shows a very high variation, with a CV of about 
200 percent which is consistent with values reported 
for peat soils (CV = 282 %, calculated from a meta-
analytical study by Liu & Lennartz 2019a).  

Soil organic matter content and Ks (log-
transformed) were found to be significantly and 
positively correlated, but only moderately (r = 0.53, 
p = 0.0008). A positive correlation as such is 
consistent with the results of several other studies, 
including those for mineral soils (Hur et al. 2009, 
Zare et al. 2010, Nath & Krishna 2014) as well as 
for organic soils (Liu & Lennartz 2019a). 
Macroporosity is a major factor controlling Ks (Liu 
et al. 2016). Liu & Lennartz (2019a) found that 
macroporosity is higher in peat with high organic 
matter content than in soils with low organic matter 
content. 

In terms of spatial dependencies in our study, Ks 

and SOM are spatially autocorrelated with each 
other with a significant and positive Moran’s I 
(Moran’s I = 0.1440, p = 0.02), suggesting non-
randomness in their overall spatial pattern. Both Ks 

and SOM show moderate spatial autocorrelation as 
defined by Cambardella et al. (1994), with a range 
of about 87 m for Ks and 100 m for SOM. For 
mineral soils Zeleke & Bing (2005) report a much 
lower spatial range of about 50 m for Ks and 43 m 
for organic carbon. Paz Ferreiro et al. (2016) 
investigated the spatial variability of mineral soil 
properties according to different land uses and 
depth, and also found much lower spatial ranges 
with a minimum of around 12 m to a maximum of 
about 60 m, depending on land use and soil depth. 
However, the predicted map of Ks should be 
interpreted with caution, as the plot of predicted 
values against observed values show poor prediction 
performance which may be attributable to (1) small 
sample size (n = 39) and (2) large sample intervals 
(10 m). This was not the case for the prediction of 
SOM, which performed much better, while SSM 
prediction performed the best among all three 
variables. This may be an indication that Ks follows 
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spatial patterns at much smaller scales than SOM 
and SSM in coastal mires as it has also been 
observed from the variograms (Figure 3). Although 
a sampling interval of 10 m allowed us to have 
larger spatial coverage, it may have resulted in an 
increased nugget effect especially for the prediction 
of Ks. Follow-up studies should incorporate nested 
sampling of different interval lengths, to understand 
multiple scales at which soil physical properties and 
soil surface microtopography interact in coastal 
mires. 

A key finding of our research is that SOM and 
soil-surface microtopography (SSM, micro-
elevation) are significantly negatively autocorrelated 
(Moran’s I = 0.2993, p = 0.001), which can also be 
visually observed by comparing the kriged map of 
SOM with the map of SSM. The SOM map predicts 
higher organic matter content in the centre of the 
ecosystem at lower elevations, while at the edges of 
the study area, at higher elevations, SOM decreases. 
Local depressions in the centre of the ecosystem 
provide a wetter and therefore a more anaerobic 
environment as oxygen diffuses 10,000 times slower 
through water than it does through air and in the 
presence of waterlogged decomposing plant material 
the supply of oxygen is rapidly depleted (Clymo 
1983, Lindsay & Andersen 2016). Thus, under 
anaerobic conditions, carbon mineralisation rate 
decreases, enabling the accumulation of organic 
matter, as has been confirmed by a multitude of 
studies (Aerts & Ludwig 1997, Yavitt et al. 1997, 
Öquist & Sundh 1998, Kettunen et al. 1999, Blodau 
et al. 2004, Benavides 2015). However, unlike our 
study, most of these studies were based on 
laboratory experiments and not on field research. 
We may therefore generalise that SSM is an 
important feature to take into account while 
planning restoration measures especially when there 
is lack of water table monitoring with high spatial 
resolution and when addressing coastal mires with 
low Ks, located at the Baltic Sea coast - where soils 
are not subjected to significant tidal flooding. 

For almost all three locations and for all depths 
(of the underlying mineral horizons), the soil can be 
characterised as sandy loam (USDA classification) 
which, according to Schaap et al. (2001), has an 
average Ks

 of about 4 × 10-6 m s-1 (SD = 5 × 10-7 m s-1). 
Therefore, even the maximum in situ Ks (5 × 10-8 m 
s-1) of the organic horizon is two orders of 
magnitude lower than that of the underlying mineral 
horizon, which is an indication that the organic 
horizon with its relatively low hydraulic 
conductivity acts as a hydrological barrier, at least in 
terms of infiltration. This finding is consistent with 
a study carried out on a different Baltic coastal 

peatland which found that the peat layer has Ks 
ranging from 1 × 10-6 to 1 × 10-8 m s-1 which is one 
to two orders of magnitude lower than that of the 
underlying mineral soil with a Ks of 2 × 10-5 to 6 × 
10-5 m s-1 (Ibenthal 2019). This brings to the fore the 
question of whether the organic soil or peat horizon 
of other coastal wetlands which developed under 
similar conditions also acts as a hydrological barrier. 

In terms of rewetting, it is therefore useful to 
know locations with higher microelevations because 
these are potential hotspots for faster degradation 
rates as flooding or rainfall events may lead to water 
accumulating in areas of low micro-elevation only, 
through overland flow or inflow through the 
existing creek system. Furthermore, during rainfall 
events which lead to a rise in groundwater level, 
areas with lower elevations will become saturated 
first, and only afterwards the water table may reach 
higher elevations. In situations where restoration 
projects utilise water level monitoring wells, data on 
micro-elevation may inform locations where 
installations should be set up. In addition, the low 
hydraulic conductivity of the degraded peat in the 
presence of lower micro-elevations in the centre of 
the ecosystem is likely to increase the residence 
time of floodwater and thus may enable (new) peat 
accumulation. Thus, we conclude that for the 
restoration of non-tidal coastal mires, where 
flooding events are not as frequent, Ks and SSM are 
even more important factors to consider than for 
tidal systems. Extensive research in such under-
studied and complex ecosystems is required in order 
to better understand the underlying mechanisms of 
peat formation following dike removal (rewetting). 
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Appendix 
 

 
 
Figure A1: Comparison of Ks log-transformed values between field measurements using direct-push 
piezometer and laboratory measurements using constant-head upward-flow permeameter. 

 

  

 

Figure A2. Plot of predicted versus measured values 
of (A) log-transformed Ks

 (ms-1), (B) SOM, (C) SSM. 
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Figure A3. Contour map of Prediction Standard Error of (A) Ks, log-transformed (m s-1), (B) SOM (%w/w), 
(C) SSM (in metres above mean sea level). 
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