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Abstract: Tree species, e.g., shallow vs. deep rooting tree species, have a distinct impact on hydrolog-
ical properties and pore size distribution of soils. In our study, we determined the soil hydrologic
properties and pore size distribution at three forest stands and one pasture as reference on soils
with stagnant water conditions. All sites are located in the Wermsdorf Forest, where historical
studies have demonstrated severe silvicultural problems associated with stagnant water in the soil.
The studied stands represent different stages of forest management with a young 25-year-old oak
(Sessile Oak (Quercus petraea) and Red oak (Q. robur)) plantation, a 170-year-old oak stand and a
95-year-old Norway Spruce (Picea abies) stand in second rotation. We determined the infiltration
rates under saturated and near-saturated conditions with a hood-infiltrometer at the topsoil as well
as the saturated hydraulic conductivity and water retention characteristic from undisturbed soil
samples taken from the surface and 30 cm depth. We used the bi-modal Kosugi function to calculate
the water retention characteristic and applied the normalized Young-Laplace equation to determine
the pore size distribution of the soil samples. Our results show that the soils of the old stands have
higher amounts of transmission pores, which lead to higher infiltration rates and conductance of
water into the subsoil. Moreover, the air capacity under the old oak was highest at the surface and
at 30 cm depth. There was also an observable difference between the spruce and oak regarding
their contrasting root system architecture. Under the oak, higher hydraulic conductivities and air
capacities were observed, which may indicate a higher and wider connected macropore system. Our
results confirm other findings that higher infiltration rates due to higher abundance of macropores
can be found in older forest stands. Our results also demonstrate that an adapted forest management
is important, especially at sites affected by stagnant water conditions. However, more measurements
are needed to expand the existing data base of soil hydraulic properties of forest soils in temperate
climates.

Keywords: soil hydraulic properties; water retention; infiltration rates; tree species; forest
management; soil structure

1. Introduction

Several hydrologic ecosystem services provided by forests such as flow regulation
and water provision are related to the ability of soils to store and transmit water [1–3].
Water storage and transmission properties of soils are quantified by the water retention and
hydraulic conductivity function (hereinafter referred to as soil hydraulic properties, SHP).
Compared to other land-uses, forest soils often have a higher infiltration rate and saturated
hydraulic conductivity of the topsoil [4–7]. The higher infiltration rate of forest soils is
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associated with a higher abundance of macropores [8,9] and a higher connectivity of larger
pores [1,4,10]. Besides macrofaunal activity, it is mainly the turnover and decay of roots
that control the size and stability of pores in the soil. For cropland soils, Bodner et al. [11]
found that coarse roots increase macroporosity while fine root systems induce a higher
micropore volume. In stagnic soils with low biotic activity, coarse roots have a strong
control on preferential infiltration [9]. This has implications for runoff generation processes
and therefore on the role of forests in the hydrological cycle at the landscape scale [12–15].

SHP are influenced by the characteristics of the respective soil as well as by land use
and land management over space and time [16–19] (among others). SHP of soils are deter-
mined by measuring hydraulic conductivity and water retention characteristics; the latter
are used to derive pore size distribution [20–22]. In contrast to forest ecosystems, the impact
of land management and agricultural management on SHP has been widely studied [18,23].
There is clear evidence that agricultural practices such as tillage, fertilization, and fallowing
affect SHP [16,18,21,22] (among others). In contrast to agricultural sites, only few studies
have characterized SHP of soils from forests in temperate climates. Many studies have
focused mainly on the effect of forest management practices such as thinning as well as
skidding and forwarding of wood on SHP [24–26]. Only few studies compared the impact
of tree species and age and structure on SHP. Wahren et al. [14] compared afforestation of
different ages and a near-natural forest and observed significant differences in SHP between
the stands. Hayashi et al. [27] found higher median pore radius and width of distribution
in undisturbed forest soils compared to disturbed soils due to development of secondary
soil pores. For different forest types in a tropical monsoon region, differences in available
water capacity and volume of coarse pores between deciduous and evergreen trees were
reported [28]. Higher infiltration rates under Scotts Pine (Pinus sylvestris) versus under
Sycamore (Acer pseudoplatanus) and pasture were measured by Chandler et al. [6]. Other
studies demonstrated that afforestation leads to increased infiltration rates and saturated
hydraulic conductivity in the topsoil [3,29]. Archer et al. [1] found that, for temperate zone
forests, infiltration rates, abundance, and connectivity of macropores increased with stand
age.

In this study, we determined hydraulic properties and pore size distribution of soils
with stagnic conditions under forests differing in type and age in the Wermsdorf Forest
(Saxony). This site is known to be highly problematic concerning their forest management
over an extended period [30,31]. The Wermsdorf area played an important role in the
recognition and silvicultural-ecological assessment of stagnic soils (“gleiartige Böden”) in
contrast to groundwater-affected soils [30]. From their comprehensive field studies, Krauss
et al. [32] concluded that the growth problems in the second and subsequent generations
of spruce monocultures was mostly attributable to a marked change in the soil physical
conditions, i.e., the loss of coarse pores that had been formed by the previous oak stands.
We selected three forest sites with different tree species and stand age and a meadow
as a reference site. Here, in situ infiltration rate at saturation and near saturation at the
soil surface and SHP were determined. The objective of our study was to expand the
knowledge on SHP of forest soils of the temperate climate zones. We hypothesize that
there are differences in SHP and pore size distributions within the different forest stands as
well as between the forest and meadow sites.

2. Materials and Methods
2.1. Site Description and Historical Silvicultural-Ecological Background

We selected four sites in the Wermsdorf Forest (Wermsdorfer Wald), a state-owned
forest covering an area of about 5100 ha in the lowlands of northwestern Saxony (north-
eastern Germany). The area (approx. 200 m above sea level) has a long-term annual
air-temperature of 8.5 ◦C and a mean annual precipitation of 610 mm. All sites were within
the forest district, Collm, with a total area of 1345 ha. The terrain was flat to slightly undu-
lating. Three sites were supposed to represent a chronosequence of forest conversion from
a third-generation spruce stand (SPR95), over a 25-year-old oak afforestation (OAK25), to
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an old mixed deciduous stand (OAK170). A fourth site, used as a reference, was a meadow
(MEA). The soil of the selected sites derived from periglacial reworked loess loam underlain
by glacial till. Texture was comparable at all sites with silt being the dominating fraction
(Table 1). The soil type of the different stands was a Pseudogley (German classification, or a
Haplic Stagnosol according to World Reference Base). An overview of the sites is presented
in Figure 1. Below, we list the sites and their characteristics:

SPR95: This site was a pure stand of Norway spruce (Picea abies) in its second genera-
tion with an approximate age of 95 years. Due to the dense stagnic horizon of the Stagnosol
trees at this site, trees only formed shallow roots that lead to frequent windthrow.

OAK25: This site was directly adjacent to MEA. It had been afforested with oak about
25 years prior to this study and with individual trees of European Beech (Fagus sylvatica),
Sliver Birch (Betula pendula), and European Aspen (Populus tremula).

OAK170: This site represented the “target state’ of the local forest conversion program.
The area of this site was formerly used for hunting and was therefore not subject to
extensive forest transformation in the past. Sessile oak (Quercus petraea) and European oak
(Quercus robur) were the most abundant tree species. The age of the oldest trees was about
170 years. Further species found were Maple (Acer platanoides) and Hornbeam (Carpinus
betulus). European and Sessile oak with hornbeam are the dominant species in the potential
natural forest association [32].

MEA: The unmanaged meadow used to be a feeding place for game 30 years prior to
our study. It was directly adjacent to the OAK25 site. A ploughing horizon was still clearly
visible down to 20–25 cm depth. Signs of wild boar activity were visible on the soil surface
in certain areas, which were avoided as sites for the experiments.

Table 1. Basic soil properties of the four sites. Analysis for texture and C and N were performed
using bulk samples per horizon. Bulk density was determined by 100 cm3 rings in 5 repetitions. Here,
arithmetic mean and standard deviation (in brackets) are presented. Stone content was negligible in
all analyzed horizons. Description of the horizons are according to WRB. n.d., not determined.

Site-Horizon Depth (cm) Sand/Silt/Clay
(Mass-%)

Bulk Density
(g cm−3) (n = 5)

C
(Mass%)

N
(Mass%)

MEA-Ah 0–25 13/70/17 1.19 (0.09) 1.98 0.14

MEA-Bg 25–45 13/73/14 1.53 (0.09) 0.16 0.03

MEA-2Bg 45–76 45/38/17 1.52 (0.04) 0.12 0.02

OAK25-Ah 0–18 12/68/20 1.25 (0.01) 2.33 0.17

OAK25-
AhBg 18–32 13/67/20 1.48 (0.07) 1.14 0.08

OAK25-Bg 32–50 43/35/21 1.75 (0.02) 0.18 0.02

OAK25-Btg 50–90 42/24 /35 1.70 (0.06) 0.08 0.02

OAK170-
Oa/Ah 0–10 12/66/22 0.87 (0.15) 11.5 0.67

OAK170-Bw 10–31 7/78/15 1.48 (0.11) 0.77 0.05

OAK170-Bg 31–60 6/72/22 1.48 (0.03) 0.47 0.05

OAK170-Btg 60–90 42/20/38 1.75 (0.06) 0.13 0.02

SPR95-
Oa/Ah 0–3 18/64/19 n.d. 10.6 0.51

SPR95-EBg 3–38 25/65/10 1.53 (0.07) 0.61 0.04

SPR95-Bg 38–90 44/31/25 1.57 (0.07) 0.17 0.03
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Figure 1. Overview over the site locations in the Wermsdorf Forest with photos of the surround-
ings and the respective soil profile. SPR95 = 95-year-old spruce stand in second generation;
OAK25 = 25-year-old oak afforestation; OAK170 = old mixed deciduous stand with oaks up to
170 years old; MEA = meadow used as reference.

2.2. Infiltration Measurements

For the determination of field hydraulic conductivity at saturated and near-saturated
conditions, we conducted a set of seven infiltration measurements with a hood infiltrometer
(hood size 12.4 cm radius, infiltration area = 483 cm2) (HI, in accordance with Schwärzel
and Punzel [33]) at each site at the soil surface. The measurements were performed at
the surface after carefully removing the organic layer in advance on the forested sites and
the sod on MEA. Planned subsoil measurements with the HI at 30 cm depth failed on
most sites except for MEA due to the low conductivity in the stagnant horizon of the soil
profiles. Nominal pressure heads were 0 and −1 cm. Water was left to infiltrate until steady
state was reached. Analysis of the infiltration rates was performed following the linear
interpolation procedures outlined in Reynolds and Elrick [34] and Ankeny et al. [35].

2.3. Water Retention and Pore Size Distribution

For a general characterization of the soil properties at each site, descriptive soil pits
were established. To determine texture, bulk density, and content of organic material, bulk
samples and soil core rings (100 cm3 in 5 repetitions) were retrieved in each diagnostic
horizon. Soil texture was obtained from the combined sieving and sedimentation analysis.
Total C and N contents of grounded samples were determined after dry combustion with a
CN analyzer (Vario EL III Elementar GmbH, Hanau, Germany). The soils contained no
inorganic C, thus soil organic C (SOC) equaled total C. At the center of the infiltration
experiments, undisturbed soil cores of 250 cm3 (height of the cylinders was 5 cm) were
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retrieved from the surface of the first mineral horizon. The samples were obtained after
24 h from the infiltration measurements, giving the soil time to drain and to ensure a
smooth sampling. Afterward, samples from the subsoil at 30 cm depth were obtained. The
retrieved soil cores were used for the determination of the water retention characteristic
(WRC) and saturated hydraulic conductivity (Ks). The additional determination of Ks in
the lab was conducted for comparison of the field saturated conductivity in accordance with
Reynolds et al. [36] and Bagarello et al. [37], who found that the combination of methods
delivers more reliable results for structured soils. In the lab, samples were fitted with a
porous plate and placed in a trough filled with tap water for saturation. Water levels were
gradually raised to reduce the risk of air entrapment. Upon saturation, Ks was determined
with the falling head method using the KSAT® device (METER Environment, Munich,
Germany). Subsequently, saturated soil cores were assembled with the HYPROP® system
(METER Environment, Munich, Germany) to determine the WRC through a transient
evaporation experiment (measurement range pF0 to pF3). With the HYPROP-Fit software
(METER, 2019, Soil Physics UMS GmbH, Munich, Germany), we fitted the bimodal version
of the Kosugi-WRC [21,38] from the measurements of each individual soil core. Similar to
Kreiselmeier et al. [21], we calculated the pore size distribution (PSD) with the normalized
version of the Young-Laplace equation. We determined the pore volume according to
Kreiselmeier et al. [21] for the different pore size classes as defined by Greenland [39]
from the area under the curve of the bimodal PSD, resulting in fissures (Ø > 500 µm),
transmission (Ø 50–500 µm), and storage (Ø 1.49–50 µm). We assigned all pores with pore
sizes corresponding to a pressure head that was outside the measurement range of the
HYPROP system to the class fine pores (Ø < 1.49 µm).

2.4. Statistical Analysis

For the statistical analysis, R 3.6.2 (R Development Core Team, 2017, Brussels, Bel-
gium) was used. All conductivity values were log-normal transformed for analysis and
determination of the standard deviation. For the quantities of hydraulic conductivity, bulk
density (BD), and the respective pore size classes, one-side analysis of variance using the
emmeans package in R [40] was performed to identify the influence of site properties
versus forest management. The significance level was p < 0.05 for all statistical tests.

3. Results
3.1. Basic Soil Properties

Basic soil properties that were determined from the descriptive soil pits are summa-
rized in Table 1. The texture was similar in all analyzed soil profiles, with silt dominating
in the upper horizons and an increasing sand content in the lower horizons. At all sites,
the stone content was negligible. Bulk density of the first horizons was, in order, OAK25
(1.25 g cm3) >MEA (1.19 g cm3) > OAK170 (0.87 g cm3) > SPR95 (0.58 g cm3). Bulk Density
determined with 100 cm3 cylinders for the respective diagnostic horizons increased at all
sites, with maximum values of 1.75 g cm3 at the oak sites at a depth between 50 and 90 cm.
Carbon and nitrogen content of the first horizon followed the order: OAK170 (11.5% C and
0.67% N) > SPR95 (10.6% C and 0.51% N) > OAK25 (2.3% C and 0.17% N) > MEA (2.0% C
and 0.14% N). However, the separation between the organic layer and the top mineral soil
was difficult. Therefore, the samples from the uppermost, thin mineral soil horizons partly
covered Oa-material (Oa/Ah). Carbon and nitrogen content decreased significantly with
the lower horizons, keeping the same order as in the first horizons.

3.2. Infiltration Experiments

The hydraulic conductivity at the surface under saturated (Kfs) and near-saturated
(Kfns) conditions was determined with the hood infiltrometer (Figure 2). The median of
Kfs was 3.04, 2.79, 2.67, 2.46 cm day−1 for OAK170, MEA, SPR95, and OAK25, respectively.
A significant difference was only observable between OAK170 and OAK25 (at p < 0.05).
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The standard deviation of Kfs for the sites ranged between 0.41 cm day−1 for Oak25 and
0.15 cm day−1 for SPR95.
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Figure 2. Field conductivity (log10 transformed in cm day−1) under saturated (Kfs) and near-saturated (|h = −1 cm|)
(Kfns) at the four sites.

The median of Kfns (|h = −1 cm|) was 2.96 cm day−1 for OAK170, 2.72 cm day−1 for
MEA, 2.52 cm day−1 for SPR95, and 2.38 cm day−1 for OAK25. Statistical analysis revealed
a significant difference between OAK170 and OAK 25 (p < 0.01) and significant differences
(p < 0.05) between MEA and OAK170 as well as between SPR95 and OAK170. The standard
deviation ranged from 0.37 cm day−1 for OAK25 to 0.15 cm day−1 for SPR 95.

3.3. Properties Derived from Undisturbed Soil Sampling

The median of the bulk density from samples obtained from the surface (Figure 3a)
was 1.35 g cm−3 for SPR95, 1.19 g cm−3 for MEA, 1.17 g cm−3 for OAK25, and 1.0 g cm−3

for OAK170. As can be seen from the figure (Figure 3a), there was no significant difference
between the sites. The standard deviations range from 0.23 g cm−3 for SPR95 to 0.07 g cm−3

for OAK25.
Bulk density from the samples at 30 cm depth showed a highly significant difference

between MEA and OAK170 and between OAK170 and OAK25 (p < 0.001) and a significant
difference between MEA and SPR95 and OAK25 and SPR95 (p < 0.05). The median of bulk
density followed the order OAK25 (1.6 g cm−3) = MEA (1.6 g cm−3) > SPR95 (1.43 g cm−3)
> OAK170 (g cm−3). The standard deviation of the bulk density was OAK170 (0.09 g cm−3)
> SPR95 (0.07 g cm−3) > MEA (0.05 g cm−3) ≈ OAK25 (0.04 g cm−3), indicating a low
variation at all sides.

The median of Ks (Figure 3b) from the 250 cm3 cores obtained at the surface and
derived with the falling head method was 3.45 cm day−1 for OAK170, 3.3 cm day−1 for
OAK25, 2.43 cm day−1 for SPR95, and for MEA 2.23 cm day−1. Statistical analysis revealed
no significant differences among the samples and the standard deviation of Ks ranged from
0.86 cm day−1 for OAK170 to 0.34 cm day−1 for OAK25.

The median of Ks from the samples obtained at 30 cm depth was 2.75 cm day−1 for
OAK170 and OAK25, 2.25 cm day−1 for MEA and 1.63 cm day−1 for SPR95. The statistical
analysis yielded no significant difference between the sites. The standard deviation was
between 1.93 cm day−1 for OAK25 and 0.32 cm day−1 for OAK170. This shows a high
variation for OAK25 and MEA and a lower variation for OAK170 and SPR95.
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3.4. Water Retention

Table 2 presents the parameters of the water retention curves for the topsoil and
subsoil samples. The mean of RMSE (root mean square error) for the water retention curves
and the conductivity curve are low, indicating a good fit to the observed data points. The
mean θr of the topsoil samples was highest for SPR95 (0.074) and lowest for MEA (0.0274)
with OAK25 and OAK170 having values between SPR95 and MEA. The standard deviation
is largest for OAK25 and lowest for OAK170. The standard deviation of the other sites is
betweenOAK25 and OAK170. The θr of the samples from 30 cm depth were highest for
SPR95 and OAK25 (0.08) and lowest for OAK170 (0.052). Standard deviation was lowest
for MEA and SPR95 and similar for OAK25 and OAK95. The θs for the samples obtained
from the surface were highest for MEA (0.541) and lowest for SPR95 (0.47); the other sites
were in between. The standard deviation was highest for SPR95 and lowest for OAK170.
The θs for the samples obtained from 30 cm depth: OAK170 was the highest (0.41), and
MEA and OAK25 (0.38) were the lowest, showing approximately similar values for all sites.
Standard deviation was lowest in OAK25 and highest in OAK170. The other parameters
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show no clear pattern between the sites, indicating the large heterogeneity between sites as
well as between samples.

Table 2. Means of the water retention curve parameters fitted with the bimodal Kosugi model; residual (θr) and saturated
(θs) water content, pressure heads at effective saturation Sei(hmi) = 0.5 for both the structural (hm1) and textural (hm2)
domains, their respective standard deviations of the lognormal pore radii σ1 and σ2, and the weighting factor for the
structural domain (w1). The weighting factor of textural domain (w2) can be obtained by 1-w1. Saturated hydraulic
conductivity (KS) is presented as geometric mean of laboratory falling head measurements. Goodness of fit between
observed and modeled values is expressed by the root mean square error (RMSE) for both the water retention and hydraulic
conductivity characteristic. Standard deviation is presented in brackets.

Θr Θs hm1 hm2 rm1 rm2 σ1 σ2 w1 Ks RMSE th RMSE K

cm3 cm−3 cm µm (-) cm day−1 cm3 cm−3 Log10
(cm day−1)

Surface

MEA 0.0274
(0.0523)

0.541
(0.0293)

708.2
(786.9)

1962.4
(1437.4)

10.5
(17.3)

1.6
(1.6)

1.02
(0.87)

1.84
(0.76)

0.66
(0.31)

2.51
(0.56)

0.0019
(0.001)

0.1257
(0.1854)

OAK25 0.0506
(0.0704)

0.492
(0.034)

1158.2
(1558.0)

1961.0
(1681.9)

4.9
(6.5)

27.8
(60.2)

1.82
(1.35)

2.18
(1.47)

0.55
(0.29)

3.31
(0.34)

0.0016
(0.0005)

0.0815
(0.0181)

OAK170 0.050
(0.037)

0.490
(0.019)

446.4
(278.8)

2764.0
(4223.2)

4.7
(3.3)

3.7
(3.1)

1.72
(1.05)

2.40
(1.53)

0.52
(0.31)

3.23
(0.86)

0.0017
(0.0007)

0.0679
(0.0309)

SPR95 0.074
(0.052)

0.471
(0.080)

253.6
(243.0)

597.4
(508.8)

47.9
(92.3)

18.1
(33.8)

0.91
(0.33)

2.22
(0.82)

0.67
(0.30)

2.66
(0.5)

0.0020
(0.0010)

0.0669
(0.0330)

30 cm

MEA 0.063
(0.029)

0.378
(0.027)

2044.4
(2140.4)

1081.0
(917.6)

15.0
(31.3)

8.3
(15.2)

1.36
(0.84)

1.09
(0.72)

0.44
(0.42)

2.19
(1.20)

0.0014
(0.0005)

0.1611
(0.0630)

OAK25 0.080
(0.062)

0.375
(0.009)

2367.8
(4276.9)

4095.4
(4133.2)

19.2
(38.3)

1.0
(1.0)

0.80
(0.64)

1.69
(0.92)

0.75
(0.23)

1.5
(1.93)

0.0021
(0.0012)

0.1154
(0.0221)

OAK170 0.059
(0.062)

0.412
(0.031)

575.8
(416.6)

772.6
(1077.3)

11.8
(21.2)

35.4
(46.3)

1.10
(0.82)

1.93
(1.15)

0.55
(0.33)

2.80
(0.32)

0.0024
(0.0019)

0.0736
(0.0492)

SPR95 0.080
(0.030)

0.398
(0.028)

362.4
(301.3)

504.6
(428.5)

27.0
(45.1)

8.9
(9.5)

0.83
(0.53)

1.13
(0.97)

0.58
(0.40)

1.69
(0.78)

0.0036
(0.0027)

0.1089
(0.0435)

Table 3 presents air capacity, field capacity, available water capacity, and permanent
wilting points of the samples derived from the above-described water retention functions.
For the samples taken at the surface, the old forest stands (OAK170 and SPR95) had a
significantly higher air capacity than MEA and OAK25. For field capacity and available
water capacity, MEA had significantly higher values than the other sites. For the water
content at the permanent wilting point, no significant difference was observable between
all sites. At 30 cm depth there were no significant differences between sites except for air
capacity, which was significantly higher for OAK170.

Table 3. Volume fractions for air capacity (AC) (θ between pF0 and pF1.8), field capacity (FC) (θ
at pF1.8), available water capacity (AWC) (θ between pF1.8 and pF4.2), and permanent wilting
point (PWP) (θ at pF4.2) under meadow (MEA), young oak (OAK25), old oak (OAK170), and spruce
(SPR95). Same lowercase letters are not significantly different at p < 0.05 (LSD) among sites.

AC (Vol.-%) FC (Vol.-%) AWC (Vol.-%) PWP (Vol.-%)

Depth Site Mean Sd Mean Sd Mean Sd Mean Sd

Surface

MEA a2.7 1.2 a51.4 2.4 a40.8 2.8 a10.6 2.0

OAK25 ab6.0 2.2 b42.6 5.4 b28.8 4.0 a13.8 1.7

OAK170 b8.1 2.4 b40.3 3.7 b29.1 2.8 a11.2 2.1

SPR95 b7.0 2.8 b39.9 5.2 b29.6 4.1 a10.3 2.6

30 cm

MEA a1.5 0.9 a36.1 2.2 a25.5 2.2 a10.9 0.9

OAK25 a1.3 0.6 a36.3 1.1 a23.1 7.3 a13.1 7.4

OAK170 b5.7 1.7 a35.2 1.7 a26.5 4.9 a8.7 5.0

SPR95 a3.0 1.9 a36.8 4.7 a27.7 3.8 a9.1 1.1
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3.5. Pore Size Distribution

Figure 4 presents the pore volume fraction of samples retrieved from the surface and at
30 cm depth for fissures (∅ > 500 µm), transmission (∅ 50–500 µm), storage (∅ 1.49–50 µm),
and fine pores (∅ < 1.49 µm) [39] obtained from the area under PSD curves considering Φ.
For the surface as well as the subsoil samples, the storage and fine fractions of the pores
had the largest volume. Fissures had the lowest volume of pore size distribution. Among
the surface samples, there was a significant difference in the amount of fissures between the
MEA and OAK25/OAK170. For the transmission pores, a significant difference between
MEA and the two old forest stands was observable. For the domain of the storage pores,
no difference between the sites was observed. In the domain of the fine pores only, SPR95
was significantly different from the other site, however since this domain is outside the
measured range of the water retention, that difference may be due to the extrapolation.

For the samples taken from 30 cm depth, differences among the sites for the different
pore size classes were more pronounced. For fissures and transmission pores, OAK170
was significantly higher than the other sites. For storage pores, the old forest stands were
significantly different from MEA and OAK25. For the class of fine pores, no significant
difference among the sites was observed.

4. Discussion
Soil Hydraulic Properties of Forest Soils with Stagnant Conditions

Our measurements exhibited similar differences in the SHP between the different sites
as in comparable studies [1,7]. Regarding the basic soil properties of the topsoil bulk density
and organic matter content found in the meadow (MEA) and the young oak afforestation
(OAK25), they are similar to values of sites with comparable characteristics [1,14]. They
are also similar to agricultural sites with reduced human influence such as no tillage prac-
tices [21]. At the meadow site, a ploughing horizon of 25 cm in thickness was still visible 30
years after conversion. The increased bulk densities and lower organic carbon contents in
the topsoil of the young oak afforestation may be because for oak planting, the young trees
are normally taken from the nursery where taproots are cut before transplantation. Because
of higher input in biomass and lower human disturbance the organic matter content was
higher and bulk density was lower at the older forest sites and comparable with other sites
with similar tree age [1,4,14,41]. The basic properties of the subsoil are in the reported range
of comparable sites [1,14,41]. Texture, bulk density, and organic matter content influence
the water retention characteristic and pore size distribution of soils [19]. The water retention
characteristics (Table 3) for the topsoil and subsoil show that the old oak stand (OAK170)
has a higher air capacity. The higher aeration has positive effects on the growth of the
rooting system in soils with waterlogging conditions. The OAK170 site is characterized by
a continuous stocking with oak and other deciduous tree species at least since medieval
times. This indicates that a long-term natural root development of trees originating from
natural regeneration via seedlings was possible. Therefore, a deep-reaching rooting and
corresponding (macro-) pore system was continuously existent. Archer et al. [1] also found
a higher abundance of macropores under old forest stands (>200 years). Our findings
support the conclusions based on the root excavations of Wermsdorf by Krauss et al. [33],
who found a deep developed root system under oak and a shallow root network under
spruce.

The above-stated findings are seen together with the pore size distributions. The
old oak stand in the topsoil contains a higher portion of fissures (Ø > 500 µm) and trans-
mission pores (Ø 50–500 µm), whereas OAK25 and meadow contain more storage pores
(Ø 1.49–50 µm). This is related to the development of the rooting system and the cor-
responding formation of macropores. Several studies show that the development and
formation of macropores and associated preferential flow paths are linked with living roots
as well as root channels from decaying roots and drying-wetting processes, which may
be more intense under trees [8–10,42]. These pores can be stable for a longer period of
time [43]. The differences in pore size distributions are more pronounced in the subsoil.
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Here, the old oak stand has significantly higher portions of fissures and transmission pores
than the other sites, which can be associated with architecture and average length of the
rooting system [44–46]. The significantly higher amount of storage pores at the old forest
stands can be related to the higher amount of organic material.
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Figure 4. Volume fraction of different pore size classes for the samples from the surface (upper
plot) and samples from 30 cm depth (lower plot) obtained from the area under bimodal pore size
distribution Classes were fissures (diameter ∅ > 500 µm), transmission (∅ 50–500 µm), storage
(∅ 1.5–50 µm), and fine pores (∅ < 1.5 µm). Fissures, transmission, and storage pores are derived
from the measured part of the water retention curve, and the fine pores are determined from
the extrapolated part of the water retention curve. Same lowercase letters over the bars are not
significantly different at p < 0.05 among the pore size classes.

Linked with the pore size distribution is the hydraulic conductivity of soils [19].
Higher amounts of macropores and higher connectivity of such pores favor increased
infiltration rates [1,4,6,10,14,41,42]. This is confirmed by our measurements. The Kfs was
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highest at the forest stands with the oldest age, especially for OAK170. The median of
Kfs was highest for OAK170, followed by SPR95. These results are consistent with other
studies from temperate forests of different ages. Wahren et al. [7] and Archer et al. [1]
found similar infiltration rates for log10 Kfs around 3 cm day−1. They also found higher
Kfs in older forest stands compared to stands of younger age. Furthermore, Archer et al. [4]
found higher values for Kfs in older broadleaved stands than in surrounding grasslands.
The highest differences between the four sites can be observed for the field hydraulic
conductivity at near-saturation Kfns (|h = −1 cm|). The differences between Kfs and Kfns
indicate how many large pores-like cracks and fissures dominate the infiltration process at
saturation. For OAK170, Kfns is higher than Kfs for the other sites, which may indicate
the effect of the more developed and deeper rooting network associated with a network
of larger pores that conducts more water into deeper zones of the soil. The high Kfs and
Kfns, together with the highest amount of transmission pores, at the surface and at 30 cm
depth support this finding. The higher Ks values of the soil cores of the forest stands
can be associated with the higher amount of larger pores. Other studies found increasing
Ks with an increasing amount of larger pores and organic content and decreasing bulk
density [1,4,8,14,21,41,42]. The high variability in Ks measurements can be linked with
the measurement method in which biopores such as root channels can dominate the flow
processes in the relatively short soil cores (height = 5 cm) [21,36]. This may explain the
differences in infiltration rates between the old oak and spruce stands. Spruce develops a
shallow rooting system that can be impeded by waterlogging conditions in the soil [9,47].
Oaks form a deeper rooting system with the ability to penetrate dense horizons and those
affected by stagnant water [33,45,46].

5. Conclusions

Our results confirm those of other studies that found higher amounts of macropores
and higher infiltration rates under old forest stands. We can also show the influence of
stagnant water conditions on the development of the rooting system and its consequences
on SHP. The soil under the old oak stand exhibited higher amounts of coarse transmission
pores, which favor aeration, higher infiltration, and conductance of water into deeper
soil zones compared to the other sites. Our data support the conclusions from old root
excavation studies that addressed the change of soil physical conditions at spruce afforesta-
tions on stagnosol sites. Furthermore, our experimental findings and calculations of pore
size distribution and functionalities support their claim for soil structure restoration by
planting of oak, thus benefiting from the rooting activity of that tree species natural to
the site. Moreover, under oak, higher infiltration capacities due to a higher and wider
connected macropore system could be observed. At a larger spatial scale, this not only
has implications on hydrologic ecosystem services such as water retention but also on the
water economy of trees themselves and therefore on the vulnerability of the forest stands
to drought.

Our results demonstrate the importance of site-adapted forest management, especially
in areas with soils with a problematic structure, which thus may be affected by stagnant
water. Such sites appear to be vulnerable to periods of extended drought. Under these
conditions, deep rooting trees such as oak appear to be more adapted and able to form
resilient forest stands than shallow rooting trees such as spruce. However, the changes
in soil structure and SHP due to a change of tree species is a long process that can take
several decades. In recent decades, the conversion of spruce afforestations in lowland areas
in Saxony was a main aim of practical forestry. The transformation process will definitely
be concluded as a reaction to recent climate-induced dieback of spruce (associated with
bark beetle infestation). Nevertheless, our findings demonstrate the eminent potential of
the applied methodology. Therefore, combined investigations of the soil’s physical status
with the associated soil hydraulic properties and the growth reactions of different tree
species and their admixtures will gain increasing importance. This also includes the effects
of contrasting vertical and horizontal rooting patterns.
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