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Abstract: Background and Objectives: Mineral topsoil moisture is a very important component of
the hydrological balance in forests. The moisture is closely related to the forest type, its woody
species composition, stand age, and structure through interception and evapotranspiration. We
aimed to investigate the topsoil moisture response to precipitation in three treatments: under young
Norway spruce, white birch, and a grass-dominated treeless gap at an acidic mountain site in the
Jizerské hory Mts., Czech Republic. The study was conducted in 18- to 21-year-old stands during four
growing seasons. Materials and Methods: The analyzed parameters were: rainfall amounts measured
by an on-site automated station, root penetration using a root auger, and soil moisture measured
continuously using electric sensors, as well as derived parameters such as interception. Results and
Conclusions: Even within small patches of the three treatments, soil water content was found to be
higher under the gap vegetation compared to both tree species. In addition, the topsoil under spruce
was significantly more saturated than under birch. The average growing-season interception capacity
of birch, spruce, and the gap treatment ranged from 1.4 to 2.2 mm, 2.1 to 2.6 mm, and 1.2 to 2.2 mm,
respectively. Soil moisture mostly decreased during periods of flushing and stabilized during the
transitions from the growing to the dormant seasons. The seasonal effects were particularly obvious
under the birch stand. The crucial factors decreasing topsoil water content under birch included
both rooting depth and density, which may predispose preferential pathways for water infiltration.
This validated white birch’s capability to decrease topsoil water content, which can be beneficial at
secondary-waterlogged sites.

Keywords: soil water; growing season; root penetration; Picea abies; Betula pubescens; treeless gap

1. Introduction

Soil water is of great importance particularly under dry and warm conditions, where
it is a limiting factor of forest growth and productivity [1,2]. Soil moisture controls the
water and energy exchange between the atmosphere and land surface, and its importance
increases with greater drought frequency in many areas of the world experiencing cli-
matic shift. [3]. Soil moisture integrates the water balance components of land surface
hydrology [4]. The components affecting water storage in the topsoil layer under natural
conditions are evapotranspiration (ET), precipitation (P), deep percolation (DP), runoff (Q),
and possibly also capillary rise (CR). A simple equation of soil moisture (w) change over
time (t) can be expressed as

∆w
∆t

= P− ET− DP−Q (+CR)

The precipitation amounts falling onto soil (effective precipitation; [5]) are decreased
by interception—water held on surfaces (forest vegetation, forest floor, and topsoil humus
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in our case) which evaporates and thus never reaches the mineral soil (e.g., [6]). Evapotran-
spiration includes two subprocesses such as vaporization from either bare soil or a water
surface, and transpiration associated with plant water uptake in the rooting zone, when
plants transport water through their vascular tissues onto the stomata of both the needles
and leaves from where it can vaporize [7]. In forest ecosystems, evapotranspiration of
trees plays a crucial role, but it is also supplemented by evapotranspiration of understory
vegetation [8,9]. Deep percolation is the movement of water towards groundwater, whereas
capillary rise acts in the opposite direction. Preferential pathways leading along living
or declined roots are important for deep percolation [10]. Capillary rise appears only at
locations with a high groundwater table and typically small flow rates. This component
can be mostly omitted for topsoil [7].

Interception and evapotranspiration of forests play an important role in the water
cycle in a landscape [11,12]. The patterns of both depend mainly on the type of vegetation,
such as evergreen vs. deciduous and/or coniferous vs. broadleaved tree species showing
different habitus, branching, and bark surface, as well as age, stand density, and vertical
structure (e.g., [13–16]). Atmospheric conditions and soil water availability are also re-
sponsible [17,18]. Soil water content (or volumetric soil moisture) is influenced by forest
stands both indirectly by reduced amounts of rainfall (interception) when rain water enters
the stand as it passes through the canopy (throughfall), and directly first by using water
for transpiration (more than 95% of water taken up by roots) and secondly by the soil
solution for their nutrition (less than 5%) [19]. Different impacts on soil water due to water
removal and suction that are attributable to particular woody species have been found [20].
Understanding soil moisture-plant interactions is at the core of ecohydrology research [21].
This can have an important implication in the adaptation of management of forest stands
to improve their effect on the basin/landscape hydrology as well as in management of
forests with a supplemental impact of specific tree species [22,23].

White birch and Norway spruce constitute stands of a different nature, both in their
above- and below-ground parts [24]. Therefore, they are expected to affect site water
balance components in different ways. According to the findings by Lutter et al. [25], the
greatest fluctuations of soil moisture occur in topsoil which is the richest in fine roots taking
up water (e.g., [26,27]). In spring, topsoil water storage decreases due to transpiration
preferentially [28]. Temperature and precipitation also greatly impact this upper soil
layer [29].

The objective of this study was to compare the dynamics of water content in the
top mineral layer of soil (A and Ae horizons) under vegetation covers of Norway spruce
(Picea abies (L.) H. Karst.), white birch (Betula pubescens Ehrh.), and a treeless gap at an
acidic mountaintop-forest site. The research questions addressed were as follows: (i) Is
the total content of available water in the gap higher with regard to lower ground veg-
etation interception and transpiration compared to tree species in the growing season?;
(ii) Do topsoil moisture dynamics differ between the spruce and birch stands due to their
aboveground and belowground biomass nature, allocation, and functioning?; (iii) Are
birch stand seasonal patterns of phenological phases in the growing season (flushing, full
foliage, senescence, and leaf fall) reflected in the water content of the birch topsoil more
expressively relative to seasonal patterns in both the spruce and gap treatments?

2. Materials and Methods
2.1. Study Site

The study site (50◦49′34′′ N and 15◦21′19′′ E) is situated on the mountaintop of a
moderate southwestern slope (<2%) at an altitude of 980 m a. s. l., in the Jizerské hory
Mts., Czech Republic (CZ). The forest site was classified as acidic Norway spruce with
dominant Calamagrostis villosa((Chaix) J. F. Gmel.) in the herb layer (see [30,31]). On a large
salvage-harvested clear cut, different tree species were planted on square plots (100 m2) in
a randomized block design in the 1990s [32].
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The water content of the topsoil was measured below canopies of 18- to 21-year-old
plantations of Norway spruce (average height approximately 4.3 m; stand basal area (G)
was 14.9 m2 per ha at a stand density of 4000 trees per hectare—the 2013 situation), white
birch (average height approximately 3.5 m; G was 3.7 m2 per ha at a stand density of
approximately 4200 per ha in 2012), and also under grass covering a treeless gap. The leaf
area index (LAI) of the spruce and birch stands were assessed on the basis of the 2012 DBH
distributions using equations (functional forms) published by Forrester et al. [33]:

ln(Y) = lnβ0 + β1 ln(d) + ε

where ε is an error term that is assumed to be normally distributed with a mean (µ) of 0
and a standard deviation of σ. The equation was rearranged (transformed) to:

Y = β0 × dβ1

where Y represents LAI, and d states the DBH of individual trees. The indexes used were
β0 = e−1.3878 and β1 = 1.7797 for white birch, and β0 = e−1.3434 and β1 = 1.857 for Norway
spruce (Table A.5 by Forrester et al. [33]). The LAI of spruce was estimated as 3.63 m2 m−2

in 2013 and 5.86 m2 m−2 in 2018 (G = 25.2 m2 per ha), whereas for birch it was 0.96 m2 m−2

in 2012 and 3.67 m2 m−2 in 2018 (G = 18.1 m2 per ha).
The gap was dominated by 40-cm-high Calamagrostis villosa (its dry matter accounted

for approximately 200 g m−2); other accompanying plant species included Vaccinium
myrtillus (L.), Avenella flexuosa ((L.) Drejer), and Vaccinium vitis-idaea (L.). The differences
in abundance of the ground vegetation between stands were low in 2011 (Table 1); the
understory partly differed in height and consequently in total biomass (not measured).
In the following years, the abundance of the understory vegetation of spruce and birch
plots slowly reduced due to increased shading. Each treatment was represented by three
replications (plots 10 × 10 m); all research was performed within a 0.16 ha area (Figure 1).

The soil type at the locality of interest is sandy loam Ferro-humic Podzol on biotitic
granite [34]. The average thickness of the topsoil humus layers L and F+H was 1.7 and
8.1 cm in the spruce stand, 2.1 and 7.3 cm in the birch stand, and 2.3 and 6.9 cm in the
gap, respectively. The soil type and layering of the locality were stable. The profile depth
was around 60–70 cm. The clay, silt, and sand proportions were 5.6%, 40.9%, and 52.5%,
respectively. Volumetric water content corresponding to field capacity and to plant wilting
point accounted for approximately 27% and 9%, respectively, and full water capacity
amounted to 48%.

Table 1. Average abundance of the dominant ground vegetation species according to treatment
in 2011.

Layer Species/Stand: Birch Spruce Gap

Herbs Together 100.0 96.7 100.0
Avenella flexuosa ((L.) Drejer 4.3 5.3 10.0

Calamagrostis villosa (Chaix) J. F. Gmel. 61.0 60.0 56.7
Molinia caerulea (L.) Moench 1.0

Vaccinium myrtillus L. 33.3 31.7 28.3
Vaccinium vitis-idaea L. 1.4 0.1 5.0

Mosses Together 11.7 25.0 20.0
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Figure 1. Aerial photograph of the research area (J. Vondra on the 6 July 2011). Treatment names
show plots 10 × 10 m analyzed within the study.

2.2. Root Distribution

There was a presumption that soil porosity and water permeability of the topsoil layer
may depend on the treatment. Roots are a significant factor that influence soil physical
properties as well as the drainage capability of soil (see Introduction). Rooting depth of the
soil profile was determined from soil cores that were taken using a circular root auger with
an 8-cm inner diameter (Root Auger, Eijkelkamp) in particular treatments. Samples were
taken at the very beginning of the dormant season (late October) at the end of a 4-day rainy
period amounting to 30 mm, of which 3.8 mm fell just hours before on the very morning
that sampling was performed. Three soil cores per treatment were taken.

Moreover, transient soil waterlogging due to a preceding heavy rainfall was monitored
in the field, using 8 probe rods per treatment driven randomly into the ground to a depth
of 20 cm. The soil cores were lifted up, and, after a 5-min stabilization period, the water
levels were measured in the holes.

In a laboratory, undisturbed samples to a depth of 59 cm were divided into approx-
imately 5-cm vertical sections. In each section, the roots were separated from the soil
(including other partly decomposed biological material) using a multiple washing method
and both the fine (<1 mm in diameter) and the coarser roots were weighed after drying.
Fine dead roots were not excluded.

2.3. Soil Moisture Measurement

In early spring 2011, six TMS 1 loggers (Tomst Ltd., Prague, Czech Republic; see [35])
per each treatment replication (three plots per treatment), equipped with temperature and
soil moisture sensors, were randomly put into the soil in a vertical position. The loggers
monitored the moisture of approximately the 10-cm mineral topsoil comprising the A and
Ae horizons. The topsoil is supposed to be the layer from which spruces, birches, and grass
plants take up most of the water they need; deeper soil horizons become crucial during
low precipitation periods [36].

Other studied characteristics were mineral soil (−10 cm), soil surface (0 cm), and
above-ground (10 cm above the surface) temperatures; a study dealing with the results
from 2011 and 2012 has been published [37]. The number of randomly placed loggers
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and three times replicated treatments were established to minimize the risk of monitoring
unrepresentative conditions within the treatment. Data were recorded at 15-min intervals.

Soil moisture sensors in TMS 1 loggers operate on the principle of time domain
transmissometry (TDT) [38], which is a method that is largely independent of salinity and
temperature. The instruments were approved for taking microclimate measurements [39];
the measuring error of the TMS sensors does not exceed 1% [35]. Soil moisture values
recorded by the loggers are uncalibrated data, i.e., absolute values, and their range in each
particular sensor may differ partly in relation to the variability of the production inputs
(minimum values ranged from 212 to 384; maximum from 2456 to 2694 and the individual
range of loggers from 2162 to 2407 units). Therefore, the limit values of each particular
sensor (minimum in a dry sensor, maximum in a sensor fully dipped into water) were
determined in a laboratory before being installed, and the data from each particular sensor
were normalized for the purpose of making an analysis (see below).

Rainfall pattern (a SR1 rain gauge, Tlust’ák, Prague, Czech Republic), air temperatures
(a Pt1000 sensor, Libor Daneš Ltd., Roztoky, Czech Republic), and solar radiation (a SG002
pyranometer, Tlust’ák, Prague, Czech Republic) at 200 cm above the ground at hourly
intervals were recorded using a LEC 2000 automated weather station (Ing. Libor Daneš
Ltd., Roztoky, Czech Republic) located in the gap at a distance of approximately 120 m SW
from the analyzed treatments. The daily sum of solar radiation was computed as a total of
hourly records.

Snow cover usually occurs between November and April at the given experimental
locality [34]. Therefore, the May to October period roughly represents the growing seasons
evaluated in 2011–2014. In 2011 and 2012, the loggers were removed prior to winter and
reinstalled in spring with a new randomized design within the same plots. The number of
loggers in gap treatment, where lower data variability was confirmed, was reduced to five
per plot beginning in 2012.

For technical reasons, the beginning of May was omitted in 2012 and 2013. To confirm
the moisture level of the topsoil in early spring, the loggers were left on site in the 2013–2014
winter. Periods with precipitation below 0.2 mm were considered as precipitation-less periods.

2.4. Soil Moisture Data Processing and Statistical Analyses

Based on the exploratory analysis of the topsoil moisture data, the measurement
segments with outlier data (periods of the soil profile compaction just after the logger
installation and periods of technical problems with the loggers) were excluded from the
analysis. Data normalization for the theoretical range of 0 to 1 was performed by Min-Max
scaling according to the formula:

yi =
xi −min(x)

max(x)−min(x)

where xi is the actual; min(x) is the minimum; and max(x) is the maximum value measured
by the given sensor for the i-th measurement.

This dimensionless quantity of soil moisture was used for the computation of mean
values and variances of water content in the topsoil at the recording intervals for each
treatment using Horn’s Quantile Based Method [40]. This robust method based on order
statistics is appropriate for datasets with 4 ≤ n ≤ 20. The mean value at each recording
interval (for every 15 min) was computed as the pivot halfsum (PL), and the 95% confi-
dence interval of the mean was expressed by pivot statistics [41]. L95%, H95%, and R95%
denote the lower limit, the upper limit of the confidence interval, and their difference
(range), respectively.

The mean values of the topsoil moisture of each treatment on specific days were
computed as the average of all mean values (PL) from the recording intervals on each
given day. The lower and the upper limit of the 95% confidence interval was computed
as the average of the lower pivots (L95%) and the average of the upper pivots (H95%)
of all recording intervals of each given day. The range R95% was computed from the
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difference between H95% and L95%. The mean values and confidence intervals of the topsoil
moisture content under the treatments for the particular studied periods were computed in
a similar way.

The mean daily and growing season values of relative soil moisture (PL; “average
moisture” hereinafter) and the characteristics of the confidence interval (L95%, H95%) were
subsequently converted to the values of volumetric soil moisture. Calibration curves
developed on the basis of laboratory measurements of soil samples taken from similar soil
conditions on the top of the Jizerské hory Mts. with the inclusion of temperature correction
were applied. The calibration was based on 5 loggers exposed to 12 volumetric moisture
levels (from the wilting point to saturation) evaluated gravimetrically.

A regression analysis of selected aggregate parameters was performed.
To estimate the total interception of the treatment (canopy and forest floor) and share

of evapotranspiration and percolation, “precipitation events” were analyzed. The analyses
were based on the assumption that precipitation sums which do not manifest in any increase
in soil topsoil moisture (+∆W) can be attributed to interception. To reduce the overlapping
of water and moisture flow of individual rains, consecutive precipitation when no-rain
period(-s) in-between was (were) less than or equal to 2 h in length was considered as the
same precipitation event (PE). For each PE, total precipitation was computed. An estimation
of the total interception capacity of the treatment was based on precipitation events with
no effect on soil moisture increase. The average maximal month total interception capacity
of the treatments was computed as

Ii =

(
maxIi(11−14)

+ minIih(11−14)

2

)
/4

where Ii stands for the average maximal interception capacity of the month I; maxIi(11−14)

means the highest subtotal of the PEs fully intercepted in the month for each individual
year 2011–2014; minIih(11−14)

means the minimum of the next higher PE in size per month
in the year, and 4 is the number of analyzed years.

To compare the impact of evapotranspiration with infiltration (leading to deep per-
colation) intensity, average volumetric topsoil moisture loss per day (TML) between each
following precipitation event (∆Mij; %) was computed for each treatment as

∆Mij =
maxMi −min Mj

dij

where maxMi means the maximal topsoil moisture following the last PE; minMj means
moisture before the beginning of the recent PE; and dij is the number of days between
the precipitation events. Negative decreases (i.e., an occasional increase in soil moisture
without any precipitation, which can be attributed to, e.g., animal activities) were omitted.

In addition to the analysis of the entire vegetation periods, a 4-day period with
intensive precipitation (29 mm in total) was chosen to depict characteristic water content
changes in detail in peak summer. The analyses were conducted using software such as
MS Excel and R 4.0.3 [42].

3. Results
3.1. The Weather Pattern in Particular Growing Seasons

The weather station data showed that median air temperatures at 200 cm above
ground were the highest in the 2011 study period, when they reached almost 11 ◦C, while
the lowest was in 2013 (9.9 ◦C). The greatest variability in daily temperatures was recorded
in 2012 (Table 2). The mean daily temperatures dropped below 0 ◦C at the beginning and
at the end of the studied periods in 2011 and 2014. At the end of the 2012 period, a longer
spell of freezing temperatures was observed (Figure 2).
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Table 2. Median and median absolute deviation with a consistency constant of 1.4826 for the normal
distribution (in brackets) of air temperature and daily solar radiation (the sum of hourly records) at
200 cm above ground and total rainfall from May to October 2011–2014.

Year 2011 2012 2013 2014

Air temperature (◦C) 10.98 (4.73) 10.88 (5.43) 9.87 (5.27) 10.45 (4.04)
Radiation (Wh m−2) 306.6 (189.8) 307.9 (197.6) 269.6 (215.4) 232.2 (188.4)

Rainfall (mm) 898.8 587.6 882.4 621.8 

 
Figure 2. Mean daily air temperature and daily radiation sum (measured every hour) at 200 cm above ground and
the daily sum of precipitation in the 2011–2014 growing seasons. Any precipitation value excessing the y-axis range is
presented above.

Median daily solar radiation (the median of the sums of hourly records) was similar in
2011 and 2012 (with medians of 307 and 308 Wh·m−2, respectively), whereas it was lower
in the following years. A greater variability in the sum of solar radiation was observed in
2011 and 2013 (Table 2). The 2011 and 2013 growing seasons were rich in rainfall; the total
sums exceeded 880 mm, whereas the most precipitation fell in July 2011 (365 mm) and in
June and September 2013 (283 and 248 mm, respectively, Figure 3). In July 2011, 204 mm
of rainfall fell within 3 days. The most serious low-rainfall periods were observed in the
second half of May 2012, in July 2013, and from August to September 2014 (Figure 2).
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Figure 3. Total precipitation in analyzed months of the growing seasons in 2011–2014.

3.2. Soil Waterlogging and Root Distribution

The evaluation of soil waterlogging indicated different soil profile saturation patterns
under the treatments compared. The below-birch soil profile was moist within the sampled
depth, and no saturation zone was observed, whereas 75% of the below-spruce probes
were filled with water either fully or except for the topmost 10 cm. Only 13% of these
water-filled probes were found in the grass-dominated gap.

An analysis of the root cores showed that more than 90% of the weight of coarser roots
(exceeding 1 mm in diameter) was present in the upper 20 cm of the mineral topsoil under
the birch stand, and single coarser roots penetrated the soil to a depth of 50 cm. Under
both the spruce stand and the grass in the gap, more than 90% of coarser roots penetrated
the upper 12 cm; in the spruce stand, some coarser roots were found at a depth of 35 cm,
and in the gap at a depth of 25 cm (Figure 4). The total average dry weight of coarser
roots was 1.48 kg m−2 (SD 0.55) under birch, 1.30 kg m−2 (SD 0.35) under spruce, and
0.50 kg m−2 (SD 0.34) in the gap. Because of the low number of samples, differences were
only less significant, i.e., p = 0.122 (to reject the valid hypothesis, a confidence coefficient
above 0.90 is not required with regard to the practical significance of the differences in
root distribution).

Below the birch, spruce, and gap treatments, fine roots comprising 90% of their total
sampled weight were located within the topmost 29 cm, 13 cm, and 18 cm, respectively.
Single fine roots were found even deeper in the analyzed profiles, i.e., to 58 cm in birch, to
53 cm in spruce, and to 48 cm in the gap treatments, respectively. The total average dry
weight of fine roots per 1 m2 amounted to 5.67 kg (SD 1.27) under birch, 4.56 kg (SD 1.32)
under spruce, and 3.04 (SD 0.31) under gap vegetation, but the differences were statistically
less significant (p = 0.123).
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3.3. The Average Moisture of the Topsoil Layer in the Growing Seasons

The lowest average water content of the topsoil was observed under the birch stand
in each studied period. With the exception of 2012, spruce showed higher values, and the
gap showed the highest average water content values compared to birch. The limits of
the 95% confidence interval prove that the average moisture content of the birch topsoil
was significantly lower, except for 2012, than the average moisture content below the gap,
and also than the moisture content below spruce in 2011–2012 (Table 3). The 2011–2014
variability (represented by the pivot range—R95%) of this moisture decreased in the birch
> spruce > gap order. The average growing season moisture content of the topsoil under
the tree species showed a downward trend with the exception of the 2012 period (Table 3)
and correlated strongly with the solar radiation sum (for birch r2 = 0.973, while for spruce
r2 = 0.921; Table 2). In the gap, the differences in the average values were low in these
particular years.
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Table 3. The average volumetric topsoil water content (%) in the studied periods. PL—the average of daily pivot halfsums;
L95%, H95%, and R95%—the mean of daily pivot statistics representing a 95% confidence interval of the mean (lower limit,
upper limit of the confidence interval, and their difference (range), respectively).

2011 2012 2013 2014
L95% PL H95% R95% L95% PL H95% R95% L95% PL H95% R95% L95% PL H95% R95%

Birch 35.6 37.8 39.8 4.3 36.0 38.2 40.3 4.3 33.5 36.1 38.5 5.0 31.9 35.1 38.3 6.4
Spruce 40.1 41.4 42.6 2.4 40.6 41.7 42.7 2.1 37.2 40.0 42.6 5.4 36.7 39.4 42.0 5.3
Gap 41.7 42.8 43.9 2.3 39.4 41.1 42.8 3.4 40.3 41.9 43.5 3.3 41.8 42.9 44.1 2.3

3.4. The 2011 Growing Season

As for the average daily water content, the highest values were found in the gap
topsoil, lower ones under spruce, and the lowest ones under birch. At the beginning of
the period, the birch topsoil was significantly drier than the gap topsoil, but the moisture
difference between spruce and the gap was not significant (Figure 5). From the end of May,
the water content of the topsoil under birch, with the exception of single short periods
after heavier rainfall events, was significantly lower compared to the two other treatments.
Significant moisture differences between the spruce and the gap were observed only at
the beginning of October (Figure 5). The lowest values of average moisture of the topsoil
under birch (32.1%) and in the gap (40.3%) were recorded at the beginning of June, while
under the spruce stand, the minimum was measured at the beginning of October (37.3%).Forests 2021, 12, x FOR PEER REVIEW 12 of 26 
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Figure 5. Precipitation (mm day−1) and the average volumetric water content of the topsoil (%; bold line) and the 95%
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3.5. The 2012 Growing Season

The lowest amount of rainfall occurred in the 2012 growing season (Table 2). The
mean water content of the topsoil under spruce was close to levels seen in the gap topsoil.
The birch topsoil showed lower values; the differences were more frequently significant
compared to spruce, which showed lower variability than the gap values (Figure 5). Statis-
tical differences between the birch and gap were observed in late summer before heavier
rainfall events. As a consequence of the low amount of rainfall in spring, the minimum
water content of the topsoil was recorded under the studied treatments at the end of May,
when the minimum moisture dropped to 32.8% under birch, 39.1% under spruce, and
38.3% in the gap. The birch topsoil water content proceeded to decrease to even lower
values in late August (29.6%; see Figure 5). Despite the low amount of rainfall at the end of
the studied period, the soil water content under each treatment obviously increased.

3.6. The 2013 Growing Season

Similarly to 2011, the average water content of the gap topsoil was the highest among
the treatments in the 2013 growing season; however, the difference from spruce was not
significant. This year was rich in rainfall, but its distribution was a limiting factor. During
a precipitation-less period beginning in mid-July, the topsoil water content decreased
particularly under birch, where it was, with some exceptions, lower than in the gap
(Figure 5). The lowest values in all treatments were observed during a period of low
precipitation in the second half of August, when the average volumetric moisture of the
topsoil dropped to 15.6%, 30.3%, and 36.1% under the birch, spruce, and gap treatments,
respectively; these values were the absolute minima for all four studied growing seasons.
Given the substantial rain that fell at the end of August, which amounted to almost
100 mm within four days with a maximum of 53.6 mm per day, the water content of the
topsoil increased rapidly. Despite becoming almost equal in all three treatments, the water
content of the birch topsoil remained significantly lower than in the gap in the next period
(Figure 5).

3.7. The 2014 Growing Season

The average water content of the gap topsoil was the highest once again in the 2014
growing season, showing a significantly lower variance compared to both tree species
treatments. The sensors left on site over winter confirmed a different level of topsoil
moisture under the studied treatments from the end of winter, which influenced the
beginning of the observed vegetation period (Figure 5). The lowest water content was
observed in late June (24 June). Due to more frequent rainfalls of sufficient intensities, the
values did not decrease as much as was seen in the preceding year. The average water
content of the topsoil layer amounted to 25.4%, 32.6%, and 38.1% under the birch, spruce,
and gap treatments, respectively. Whereas the water content under birch was significantly
lower compared to the gap from mid-May, with the exception of two short intense rainfall
episodes (mid-July, end of November), differences in the topsoil water content between
spruce and the gap were only minor and lasted a short time, which correlated with the
ends of longer periods of rainless days (Figure 5).

3.8. Soil Moisture Differences

During the four growing seasons studied, significant differences in soil moisture
between the treatments were observed. With the exception of 2012 (the driest season with
the largest radiation sum) and the spring of 2013, the gap topsoil moisture was significantly
higher compared to that of birch on most days (Figure 6). Frequent significant differences
between the moisture of birch and spruce were seen in both 2011 and 2012, whereas only
short summer periods showed a difference in 2013–2014. On the other hand, below-spruce
moisture differed from that of the gap at the beginning and the end of the 2011 season,
which was not confirmed in the next two years until late summer, and the autumn values
differed significantly in 2014.
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3.9. Interception, Evapotranspiration, and Infiltration

According to our estimations, the spruce stand was able to intercept more rainwater
than both other treatments throughout the vegetation period (Figure 7). There was no
development trend observed between the four subsequent years. Maximal precipitation
intercepted during precipitation events in individual years and months differed as a
consequence of actual precipitation distribution (Figure 3) and other weather circumstances.
In addition, consequently, the ranges of intervals of interception capacity differed. The
highest average interception capacity of all treatments was found in May (it was equal
to the September one in birch), while the lowest values were found at the end of the
vegetation period (Figure 7). In the growing season, the average interception capacity of
birch, spruce, and gap treatments ranged from 1.4 to 2.2 mm, 2.1 to 2.6 mm, and 1.2 to
2.2 mm, respectively.

The average volumetric topsoil moisture loss representing evapotranspiration with
infiltration intensity progressed dynamically over the growing seasons: The lowest values
were seen mostly in October, whereas the highest were in June and/or July. The TMLs in
birch were significantly higher, but the differences decreased in the spring and the autumn
months (Figure 8). There was a greater similarity in the TML distribution of birch and
spruce in 2014. The maximum TML in birch, spruce, and the gap reached 1.9%, 0.7%, and
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0.6% in 2011; 4.2%, 0.8%, and 1.5% in 2012; 4.4%, 1.8%, and 1.4% in 2013; and 4.5%, 2.6%,
and 1.6% in 2014, respectively.

The intensive peak summer rain event effects analyzed in more detail showed that
soil moisture responded similarly in all three treatments. The rate of soil moisture increase
differed, however, as a more intensive response of soil moisture under the birch stand was
obvious in both rising and falling limbs of the curve (Figure 9).

Figure 7. Intervals with interception capacities (maximal precipitation fully intercepted) according to treatment (Bi—birch,
Sp—spruce, Gap), growing season, and month (left), and averages of maximal precipitation intercepted (right). Blue
line—maximal precipitation subtotal of a fully intercepted event (with no response by the topsoil moisture); red line—next
precipitation event in size (total mm); black line—average maximal interception for the month.
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Figure 8. Boxplots of the average daily volumetric topsoil moisture decreases (%) between precipitation events by month
during the 2011–2014 growing seasons.
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Figure 9. The 4-day summer period showing the average volumetric topsoil water content (%)
response to rain events (mm per hour) under spruce, birch, and gap vegetation in 2014.

4. Discussion
4.1. Precipitation

Differences in the nature of herb and woody species as well as the habitus differences
between spruce and birch impacts total stand interception (see e.g., [43]), which lowers
the amount of water that reaches the soil surface (effective precipitation). Both stemflow
and also occult (also called horizontal, condensed) precipitation at higher altitudes have an
opposite effect on the amount of throughfall [44].

Kantor and Šach [45] considered interception as the main source of higher water
consumption (E+I) by both Serbian spruce (G = 14.4 m2 per ha in 20 years) and silver
birch (G = 13.3 m2 per ha) stands aged 14 to 20 years compared to treeless gaps at middle
altitudes (550 m a.s.l.) during years with high precipitation. Transpiration of the gap
vegetation was approximately 5% higher than in the two tree stands. Differences in the
estimated interception of the treatments in our study were not large; nevertheless, these
can be also expected as one of the causes of the difference between the treeless treatment
and both woody-canopy ones. A slight difference in the interception between birch and the
gap treatment could be distorted by the additional precipitation present in birch through
stemflow. In broadleaves, stemflow accounts for approximately 6% of the open-space
rainfall, whereas in conifers it is only 2% [46,47]. However, despite their smoother bark,
the role of birches’ stemflow in the augmentation of the below-canopy water amount
(throughfall water surplus) when it rains is probably limited due to their growth (size).

Under the mountain conditions (e.g., [48]) of our study, the importance of occult
precipitation from mist or fog during the growing season can be expected mainly in spruce
due to its higher LAI [49–51]. However, this surplus might be mostly reflected in the
estimated interception of our study. The average LAI of spruce was more than three times
higher than that of white birch (3.6 m2 m−2 for spruce in 2013 and 1.0 m2 m−2 for white
birch in 2012). In the 2013 (2012)–2018 period, the average annual increase in LAI for both
spruce and birch was estimated as 0.45 m2 m−2. The resulting effect of LAI on soil water
content through interception and throughfall surplus acts together with evapotranspiration.

4.2. Evapotranspiration

The slope of the declining legs of volumetric topsoil moisture curves was likely to
be attributable to both transpiration and infiltration intensities (see Figure 9). This was
in accordance with Sprenger et al. [52], who estimated that it only takes a few days for
infiltrated water to be taken up by roots in the growing season. The different pattern of the



Forests 2021, 12, 828 16 of 22

water content of the topsoil under both tree species treatments could also be related to the
higher transpiration rate of birch compared to spruce, despite its lower LAI. For example,
Oltchev et al. [53,54] revealed approximately 10–20% greater transpiration by silver birch
and aspen trees compared to spruce in the growing season at an altitude of 200 m in western
Russia, and the values were even two times higher during a dry summer [53]. Our study
was situated in forest vegetation zone 8—Norway spruce (see [31]), where transpiration
in the growing season is significantly limited by air temperature. Moreover, evaporation,
which strongly correlates with temperature, is likely to be low when temperatures are
cooler, and both can be estimated from the wide range of daily topsoil moisture decreases in
summer months (Figure 8). In the gap treatment, the average ground air temperature was
found to be significantly higher compared to young spruce, and the mean daily temperature
ranges decreased in the following order: gap > birch > spruce in the 2011 and 2012 growing
seasons [37].

On the contrary, mountaintop sites are frequently exposed to intense winds, which
have an additive effect on evaporation as well as transpiration [55]. According to stand
wind-breaking capabilities, wind speed is expected to decrease more as the air passes
through spruce treatments compared to birch. Based on the different levels of volumetric
topsoil moisture and also of daily topsoil moisture decreases, we inferred more water to be
transpired by white birches from this upper layer compared to spruces. On the other hand,
the estimated greater spruce LAI (>three times at the beginning), which was considered
to be one of the most important factors in determining differences in transpiration [56],
indicates a higher spruce transpiration potential compared to birch. For example, under the
piedmont conditions of the Krkonoše Mts., mean vaporization (IET = precipitation minus
percolation) of a ten-year-observation of what was initially a 14-years-old stand totaled
347 mm for Serbian spruce (stand density 42,000 per ha, a mean height of 9 m at the end)
and 304 mm for a denser and taller silver birch stand (58,000 per ha, 10 m) per growing
season [57]. The mean IET of ground vegetation in the gap was not much lower as it totaled
274 mm. These values cannot, however, be compared directly with our study site since
the climatic conditions differ. However, higher summer-month differences in birch daily
TML (compared to spruce and the gap) also indicate, besides higher infiltration intensity
expected from root analyses, a significant impact of birch ET. The relative difference in
spruce and birch LAI partly diminished during the analyzed years, and the significance of
the soil water content differences also decreased. This supports the assumption of more
factors affecting differences in topsoil moisture.

Closed-canopy spruce stands provide more shade relative to birch stands all year
round. The higher light levels below the birch canopy in our experiment allowed for
the intensive development of ground vegetation. In contrast to older stands (e.g., [58]),
the differences in species abundance were small. Ground vegetation also contributes
to evapotranspiration, however only to a limited extent compared to tree story. This
can be inferred using a comparison of the topsoil water content under birch and under
the gap, where below the dominant ground vegetation exposed to full solar radiation
showed the highest level of topsoil moisture compared to both reforested treatments (see
Figures 5 and 9).

Alsheimer et al. [59] found relatively low maximum daily tree canopy transpiration
rates (up to 2.8 mm per day in July) in a 40-year-old boggy spruce stand (G = 34.2 m2

per ha) at an altitude of 780 m in Fichtelgebirge. On the other hand, Müller [60] stated
in his review that higher transpiration losses occur on a sunny day in high summer,
accounting for 4.3–4.4 mm in spruce and 4.0–4.7 mm in silver birch. The transpiration
rate of grass (C. epigeios (L.) Roth) was even higher, showing 6.8–8.8 mm per day with a
sufficient soil water level, but only 2.45–2.9 mm with a high soil water deficit. Blueberry
(Vaccinium myrtillus), the second most represented ground vegetation species in our study,
was reported to transpire only 0.5–0.9 mm per day [60]. The noticeably high transpiration
reported for C. epigeios seems to contradict with our observation of a relatively high soil
water content in the gap. In our study, however, there was a mixture of dominant C. villosa
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accompanied by two species of the genus Vaccinium and Avenella flexuosa. This vegetation
cover in the gap treatment was likely to show much lower transpiration rates compared to
both tree species treatments. This corresponds to increased topsoil water content after forest
stand removal, which was had previously been confirmed within the Jizerka catchment
under comparable conditions [30].

In the majority of the evaluated periods, minimal values of average water content in
the topsoil were observed in May-June, while the highest average daily decreases in topsoil
moisture were seen in June-July, i.e., during the time of intensive vegetation development
with higher water demands. This is in line, e.g., with analyses of maximal transpiration
rates observed in a mixed aspen-spruce-birch forest in western Russia [54]. More intensive
decreasing topsoil water content referring to increased evapotranspiration took place in all
studied treatments, even though to a different extent in each of them. The most significant
differences in water content between the gap and spruce stand were observed at the end of
the growing seasons in 2011 and 2014 (Figure 6). This indicates reduced water uptake at
the time of gap vegetation senescence.

4.3. Belowground Biomass Relationship to Soil Water

The depth of rooting and the total average dry weight of both coarser and fine roots
per square meter decreased in the following order: white birch > Norway spruce > treeless
gap. This seemed to be consistent with the observed topsoil moisture levels, since root
penetration could play a role as another aspect influencing water uptake from the soil
profile [61], as well as infiltration intensity being a gateway to deep percolation (DP).
C. villosa is vegetatively propagated by rhizomes that penetrate the soil to a depth of
15–20 cm [62] and can reach a length of 500 m m−2 [63]. The observed higher proportion
of roots at deeper soil layers under birch compared to the gap and spruce treatments is
consistent with, e.g., Zakopal’s [64] findings, who described that a C. epigeios-dominant gap
showed a mean dry weight of roots accounting for 85% (up to 94%) at a layer of 0–10 cm in
heavy-textured compacted soils. At the same site, 8-year-old birch stands showed a surface
root system within the upper 20 cm topsoil accounting for 90% of all the roots’ dry weight;
in older stands, it was only 70%. The silver birch root system is deep, and root penetration
is intensive, but it adapts to soil conditions, such as depth and the permeability of the
soil [22,65], water table level, stoniness, and soil temperature [66]. If planted on abandoned
arable soils, silver birch growth is significantly affected by available water in the upper soil
layer (0–25 cm), thus reducing the impact of deeper soil layers [25]. Only minimal data are
available about the nature of the root system of white birch; however, it can be assumed to
be similar to that of silver birch.

Given the analyzed root cores, there is still some uncertainty with respect to water
uptake beneath the monitored zone of the top 10 cm of mineral soil in our study. However,
Brinkmann et al. [36] showed that during periods of sufficient soil water supply, which were
the most frequent among the periods analyzed in our study, tree species use water from
shallow soil layers. In contrast to spruce, broadleaves such as ash, beech, and sycamore
maple are able to obtain water from even deeper soil layers (redistribution of soil water in
the soil profile) when soil water availability is decreased in the topsoil [36], which can be
assumed is identical in birch.

Root distribution through the soil profile under the birch treatment showed a different
below-ground biomass accumulation than is the case with spruce. Whereas the total weight
of birch roots amounted to 27.1 t per ha at 18 years of age, the spruce stand of the same
age only accounted for 4.1 t per ha in a study analyzing forest stands in a taiga [67]. The
difference was extremely high compared to our study, but we also found lower total root
biomass in the spruce stand compared to the birch one (by 18%).

The dead roots of birch decompose faster than those of spruce, which is beneficial for
soil porosity development [68], because roots are crucial makers of preferential pathways
for water infiltration, which substantially increase the infiltration capacity of soil [69–72].
In this study, the proportion of recently dead roots was low, but living roots also represent
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preferential pathways, even though their impact on infiltration capacity is lower. Increased
porosity of the topsoil can contribute to higher permeability by water and help transport
water to deeper layers. It was obvious from the analyses of daily TMLs, when the as-
sumption of a higher transpiration rate of birch does not completely clarify the differences.
Spatial differences in soil porosity, which can help to explain the variability of soil moisture
data, can be also expected: E.g., Metzger et al. [73] found lower soil water content at the
same soil water potential in the proximity of beech trees, which indicated a higher fraction
of coarse pores and coarse middle pores near the trees.

The soils at the study site are relatively porous sandy loams. During the years of
soil water monitoring and soil sampling, short-term waterlogging was observed only
twice, and both events occurred in autumn after intensive rains. Waterlogging can also
be expected during periods of snow melt, when the air temperature does not exceed
4 ◦C and dormant roots do not yet start taking up water. These observations correspond
with sprinkling experiments in spruce and beech stands on a hillslope [74] which showed
different runoff dynamics. Due to its different root architecture, the spruce water table
develops at approximately a 30 cm soil depth, while the soil water content at greater depths
remains low during and after sprinkling. However, at the beech site, coarse roots drained
more water towards deeper soil horizons, and the beech hillslope exhibited a faster runoff
response than the spruce site [74]. Both rooting density and rooting depth are likely to
contribute to the differences among our treatments as well.

4.4. Course of Growing Seasons and Soil Water Limits

As for the broadleaf’s phenology, both leaf development and leaf senescence affect
interception and evapotranspiration more distinctly. A comparison of soil moisture be-
tween spruce and beech spots in a mixed mature stand in Lower Austria showed that in
the period before leaf emergence, the soil water content was 5% higher under beech [75].
In our study, however, the beginning of the growing seasons in young stands showed an
opposite trend—higher water content under spruce (with the exception of 2013). This was
not likely to be explained by the greater soil moisture drawdown below birch, because
the soil water content below both species was definitely recharged during each winter.
Rothe [76], in a mixed stand in the hilly landscape of Southern Bavaria, described more
intensive and deeper soil desiccation under beech than that under spruce at the same site,
which corresponds with our observations of birch compared to spruce.

Rainfall deficits in the growing season, if accompanied by high temperatures, are a
frequent cause of drought injuries in tree species. Fine roots of tree species are less resistant
to drought than buds. At the same time, drought also diminishes nutrient availability in
soil through the insufficiency of the soil solution [77]. Root death as a result of water deficit
occurs most frequently in late summer. As for soil moisture, August seems to be the critical
month when the lowest moisture levels of the growing season mostly occur, resulting in
early leaf or needle fall [78,79]. In our experiment, the topsoil moisture in August tended
to be minimal in 2012 and 2013, but it never dropped to the potential plant wilting point.

In 2012, the topsoil moisture content in the gap showed relatively greater variability in
comparison with the other years. The spruce topsoil had less water in the period between
June and September, but without significant differences (Figure 5). The year of 2012 showed
that in spite of the significant number of point observations of soil moisture, the influence
of the random positions of the moisture sensors was obvious. In relation to the other years,
the low amount of precipitation did not sufficiently explain the exceptional proximity of
the moisture patterns in the spruce and the gap treatments.

Water was not a limiting factor in either spruce or in the gap from 2011 to 2014 at
the locality when compared with basic soil water content levels (soil water constants).
There were only two short periods (in August 2013 and also in June 2014; see Figure 5)
when soil moisture decreased to the field capacity (27%) under spruce. In birch, there was
one short period when the lower 95% confidence interval of topsoil moisture dropped
to the wilting point, which was approximately 9% (the end of August 2013). Birch soil
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moisture was depleted to the field capacity in summer more frequently (in August 2012, at
the end of June and August 2013, and in June and July 2014). It was affirmed that white
birch substantially decreases the water content of the topsoil, which can be beneficial at
secondary-waterlogged sites.

5. Conclusions

The study helped us to formulate the following answers to three scientific questions:
(1) Even within small patches that are 0.01 ha in size, 10-cm topsoil water content under
gap vegetation showed higher values compared to the tree species during the growing
season. The significance of topsoil moisture differences between the spruce stand and the
gap was weaker; however, only partially overlapping confidence intervals of the moisture
pattern showed that the differences cannot be considered to be minor. (2) The topsoil water
content under spruce was significantly higher mostly for the first two growing seasons
compared to the topsoil under birch, and the differences were much slighter afterwards.
The most important reason could be birch’s deeper rooting, which makes preferential
pathways for water infiltration (deep percolation). (3) The greatest effect of phenology
(vegetation development phases during the vegetation period) on topsoil moisture was
observed under the birch stand. In the spruce and gap treatments, such an effect was lower.
The range of the differences in the topsoil moisture between the spruce stand and the gap
increased with the growth of the spruce stand. The white birch substantially decreased
the water content of the topsoil, which can be beneficial at secondary-waterlogged sites.
However, this capability can also limit its performance at drier sites and even lessen the
positive effect of its use as pioneer species in two-phase forest regeneration at sites prone
to drought. In that case, making small clearings (gaps) can positively improve available
soil water for target tree species.
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32. Balcar, V.; Podrázský, V. Založení výsadbového pokusu v hřebenové partii Jizerských hor [Establishment of a tree planting

experiment in the ridge part of the Jizerské Mts.]. Zpr. Lesn. Výzkumu 1994, 39, 1–7.
33. Forrester, D.I.; Tachauer, I.H.H.; Annighoefer, P.; Barbeito, I.; Pretzsch, H.; Ruiz-Peinado, R.; Stark, H.; Vacchiano, G.; Zlatanov, T.;

Chakraborty, T.; et al. Generalized biomass and leaf area allometric equations for European tree species incorporating stand
structure, tree age and climate. For. Ecol. Manag. 2017, 396, 160–175. [CrossRef]

http://doi.org/10.1016/j.agrformet.2009.02.003
http://doi.org/10.1016/j.scitotenv.2018.03.082
http://www.ncbi.nlm.nih.gov/pubmed/29571042
http://doi.org/10.1080/00103629509369475
http://doi.org/10.1016/j.agrformet.2011.04.008
http://doi.org/10.2478/v10098-012-0028-x
http://doi.org/10.1007/BF02738580
http://doi.org/10.1093/forestry/40.2.165
http://doi.org/10.1016/j.agrformet.2016.07.001
http://doi.org/10.1016/j.agrformet.2011.04.007
http://doi.org/10.1007/s11273-010-9175-1
http://doi.org/10.1007/s11104-018-3640-7
http://doi.org/10.1007/s11368-018-2167-0
http://doi.org/10.3390/w12061596
http://doi.org/10.1016/j.rama.2020.08.008
http://doi.org/10.1007/s10342-015-0879-x
http://doi.org/10.1007/s10342-010-0383-2
http://doi.org/10.1111/1365-2745.13675
http://doi.org/10.1016/j.agrformet.2012.01.015
http://doi.org/10.4149/ekol_2009_02_213
http://doi.org/10.17221/4682-JFS
http://doi.org/10.1016/j.foreco.2017.04.011


Forests 2021, 12, 828 21 of 22

34. Balcar, V.; Špulák, O.; Kacálek, D.; Kuneš, I. Klimatické podmínky na výzkumné ploše Jizerka—I. Srážky a půdní vlhkost [Climatic
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