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Abstract: Although forest soils play an important role in the carbon cycle, the influence of topography
has received little attention. Since the topographical gradient may affect CO2 emissions and C
sequestration, the aims of the study were: (1) to identify the basic physicochemical and microbial
parameters of the top, mid-slope, and bottom of a forest gully; (2) to carry out a quantitative
assessment of CO2 emission from these soils incubated at different moisture conditions (9% and
12% v/v) and controlled temperature (25 ◦C); and (3) to evaluate the interdependence between the
examined parameters. We analyzed the physicochemical (content of total N, organic C, pH, clay, silt,
and sand) and microbial (enzymatic activity, basal respiration, and soil microbial biomass) parameters
of the gully upper, mid-slope, and bottom soil. The Fourier Transformed Infrared spectroscopy (FTIR)
method was used to measure CO2 emitted from soils. The position in the forest gully had a significant
effect on all soil variables with the gully bottom having the highest pH, C, N concentration, microbial
biomass, catalase activity, and CO2 emissions. The sand content decreased as follows: top > bottom
> mid-slope and the upper area had significantly lower clay content. Dehydrogenase activity was
the lowest in the mid-slope, probably due to the lower pH values. All samples showed higher CO2

emissions at higher moisture conditions, and this decreased as follows: bottom > top > mid-slope.
There was a positive correlation between soil CO2 emissions and soil microbial biomass, pH, C, and
N concentration, and a positive relationship with catalase activity, suggesting that the activity of
aerobic microorganisms was the main driver of soil respiration. Whilst the general applicability of
these results to other gully systems is uncertain, the identification of the slope-related movement
of water and inorganic/organic materials as a significant driver of location-dependent differences
in soil respiration, may result in some commonality in the changes observed across different gully
systems.

Keywords: CO2 emission; respiration; C sequestration; forest gully; forest soil; enzymatic activity

1. Introduction

Forests ecosystems, which cover about 30% of the terrestrial global area [1], make a
significant contribution to the carbon cycle through C accumulation in living biomass and
C exchange with the atmosphere through photosynthesis and respiration [2,3]. Numerous
studies have investigated the role of temperate forest soils in C cycling, but there is still
a need to understand the often-marked spatial variability in soil properties and how
these impact on CO2 emissions and CO2 budgets. Many afforested areas in Europe and
elsewhere have been eroded, largely due to water runoff and this, combined with natural
undulations in the landscape, creates major variations in topographic relief. Whilst changes
in topography are known to influence soil physio-chemical parameters and greenhouse
gas emissions (GHG) the reason(s) for these variations and their quantification is often
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still unclear [4–9]. Clearly, the quantification of topography-related variations in GHG
emissions is essential for accurate annual assessments and for regional upscaling.

A gully, i.e., a deep soil incision in the landscape, is formed as part of the erosion
process when runoff water cuts new unstable channels through erodible soil and weathered
rock [10]. Whilst gully erosion is often thought to be most common in farmed lands [10] it
also occurs in forests [11], especially in Central Europe [12]. Extreme high magnitude-low
frequency rainfall events or human-induced land-use changes in areas with a disturbed
forest cover (e.g., due to cropland incursion, intensive cattle grazing, forest logging, and
subsequent reforestation) or a combination of these natural and human factors are the
likely sources of surface runoff, resulting in the formation of gullies [13]. Gullies occur-
ring in forests may also have previously been an element of the agricultural landscape
prior to reforestation; in Central Europe, forests with gullies are often surrounded by
cropland [14]. Currently, forests have a high infiltration capacity, which makes surface
run-off unlikely; therefore, gullies are most likely a relic of older forests and may also be
periglacial features [13,15].

At the local scale, the slope characteristic of a gully is a key abiotic factor controlling
soil processes [16]. Due to the leaching, displacement, and accumulation of surface ma-
terial during run-off (the steeper the slope, the greater the run-off), gully layers differ in
several properties, including nutrient content, granulometric composition, structure, and
density [17]. Fine soil particles may be transported because of downward runoff which
results in their deposition at the gully bottom and the clay soil particles may absorb soil
organic carbon (SOC) [17]. Studies on forest soils have shown a higher SOC stock in the
bottom positions [17,18] or in the mid-slope [19] compared to the upper levels, although
the differences in various components are not always significant [20]. An important factor
regulating the activity of soil microorganisms is also the presence of vegetation, which
through a demand for nitrogen or water decreases these constituents in the soil [16]. Due
to the spatial variation in soil properties, topography also influences the soil microbial
populations [16,18]. Higher availability of C and N for microorganisms results in higher
enzymatic activity and microbial biomass and, as a consequence, the amount of CO2 emit-
ted [4–9,21]. Soil moisture conditions may also affect microbial activity (and respiration)
through a reduction in gas diffusion (and oxygen availability for soil microorganisms)
when it is too wet, or by osmotic stress when it is too dry [22].

The functionality of eroded soils can be evaluated by various biological indicators,
which provide sensitive markers of soil degradation by wind or water erosion. These
include dehydrogenase (DHA) and catalase (CAT) activity, basal respiration (BR), and
microbial biomass (Cmic) [23,24]. Determinations of different enzyme activities may char-
acterize soil quality, fertility, and microbial properties [25]. Among the enzymes that
have been studied, the activity of soil dehydrogenases (EC 1.1.1.) is used as an indicator
of overall soil microbial activity [25,26], and is strongly associated with microbial redox
processes [27,28]. Catalase (H2O2:H2O2-oxidoreductase, EC 1.11.1.6.) is considered an
indicator of aerobic microbial activity, since the activity of this enzyme has been shown to
correlate with the number of aerobic soil microorganisms, microbial biomass, respiratory
activity, the activity of other enzymes, organic carbon stocks, and aeration status [29,30].
Low values of DHA and CAT indicate low biological activity of the degraded soils [24].
Soil microbial biomass (Cmic) is also an important ecological parameter reflecting soil
functionality due to the role of soil microbiota (mainly fungi and bacteria) in organic matter
transformation and nutrient cycling [31]. The total activity of soil microorganisms, as well
as the mineralization of soil organic matter (SOM) may be indicative of soil respiratory
activity and evaluated by determining the amount of CO2 emitted in the short term without
organic substrate supplements (basal respiration, BR) and CO2 emitted over a relatively
longer time interval, respectively [32,33].

Despite their high variability in many European regions, forest gullies are still not fully
recognized as an important topographic feature influencing GHG emissions. As most of the
research on GHG exchanges and C sequestration by forest soils treats the area under study
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as being largely homogeneous, often ignoring local topographical variations due in part to
practical and logistical constraints, this could lead to significant errors. In this regard, the
identification of CO2-regulating properties of eroded soils with varying topography needs
investigating. Although a quantitative assessment based on local observations will not
necessarily translate to larger scales, it can identify some general trends that may be useful
in estimating and modeling the C balance in eroded soils. The likely dominant role of
slope/inclination in determining spatially related changes in soil properties may also mean
that there is some commonality in any modifications in soil respiration across different
gully systems.

We hypothesized that the topographical gradient associated with gullies significantly
differentiates soil variables according to gully location and result in:

(1) Higher clay fractions in the gully bottom, because of downward runoff;
(2) Higher SOC stocks in the gully bottom due to absorption by clay particles;
(3) Higher total N contents in the gully bottom because of a higher SOC and the absence

of vegetation;
(4) A higher microbial biomass in locations with a higher C and N availability;
(5) Generally higher soil water contents which will either stimulate or decrease soil

microbial activity, depending on the range of soil moisture values experienced.

Based on these hypotheses, we expect higher CO2 emissions in the gully bottom.
To address these hypotheses the aims of the study were: (1) to characterize the basic

physicochemical and microbial parameters of soil from different positions in a deciduous
forest gully; (2) to quantitatively assess related soil CO2 emissions in different parts of
the gully under controlled temperature and two moisture conditions; (3) to evaluate the
interrelationships among the examined parameters to identify the drivers of any variations
in soil CO2 emissions.

2. Materials and Methods

The laboratory experiment was conducted on soil samples collected from a forest
gully located in the Lublin Upland, Poland (coordinates 50.969296, 23.095330; altitude of
202 m above sea level), where the mean annual temperatures (1951–2000) are in the range
6.9–9.8 ◦C [34]. In the sampling year, the average annual temperature in this region was
10.12 ◦C and the annual rainfall was 504.9 mm, based on data from the weather station of
the Institute of Agrophysics, PAS in Lublin. The forest is in the Niemienice gully region,
on the left slope of the Żółkiewka river, with a gully density of 3.71 km/km2 [11]. The
gully is U-shaped, and of medium size (based on the classification proposed by Bhat et al.
(2019) [35]) and intersected by a road. The forest stand is dominated by 75-year-old oaks
with a lower contribution of European hornbeam and surrounded by cultivated fields. The
top (plateau) and slope positions are covered with trees, while the bottom has no trees with
the density of trees significantly decreasing downwards with the slope.

Soils (Dystric Gleysol) were sampled in July 2019 along the topographical gradient
of the forest gully (top, mid-slope, and bottom). Five representative soil samples (surface
layer i.e., 0–20 cm depth; after removal of litter) were collected at 1 m intervals from
each slope position using a soil auger. They were subsequently thoroughly homogenized,
separately for the top, mid-slope, and bottom samples, to provide a representative sample
per position. All laboratory tests were performed in triplicate from a representative sub-
sample for each position. The soils were air-dried, sieved to <2 mm, and stored in the dark
at room temperature.

2.1. Soil Physicochemical Characterization

The total C and N concentrations were determined by a dry combustion method using
a Thermo Scientific Flash 2000 Organic Elemental Analyzer, according to the standard
methodology provided by the manufacturer (Thermo Fisher Scientific Inc., Waltham, MI,
USA), with an oven temperature of 1020 ◦C (before analysis the soil was ground in a mortar).
Soil inorganic and organic carbon (SOC) were determined with a TOC-VCPH analyzer
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(Shimadzu, Kyoto, Japan). Soil pH was measured potentiometrically at room temperature
in a soil and water slurry, after the soil had settled, with a ratio of soil:water of 1:2.5 w/w.
Particle size distribution (PSD: clay (diameter < 2 µm), silt (diameter 50–2 µm), and sand
(diameter 2000–50 µm)) was determined using a Mastersizer 2000 laser diffractometer with
a Hydro G dispersion unit (Malvern Ltd., Malvern, UK). The measurement settings were
as follows: a two light-source laser (633 nm), a diode (466 nm), stirrer speed 700 rpm, and
pump speed 1750 rpm [36]. Disintegration of soil aggregates was carried out using an
ultrasound probe (35 W for 3 min). For calculations, these were based on Mie theory with
a refractive index of 1.52 and an absorption coefficient of 0.1 was used [37]. Based on the
results obtained, the silt:clay ratio was calculated for the soil from each gully position.

2.2. Soil Microbial Parameters

Microbial soil parameters were determined under controlled laboratory conditions
(n = 3). The measurement procedures were performed after a three-day preincubation
period to homogenize the water potential and stabilize the soil indigenous microbial
communities [38]. Dry soils (5 g × three replicates for each parameter) were weighed
into 60 cm3 glass vessels, moistened to the level corresponding to the moisture conditions
on the collection day (mean 10.58 ± 2.10% vol.), and preincubated in the dark at 25 ◦C.
The methods were described previously by Walkiewicz et al. (2020) [39]. The enzymatic
analysis included the determination of catalase (CAT) and dehydrogenase (DHA) activity.
Determination of CAT was made using gas chromatography [40]. The concentration of
O2 was measured after 10 min of static incubation at 30 ◦C with 3% H2O2 and sterile soils
(autoclaved at 126 ◦C and 140 kPa for 22 min; Prestige Classic 210001; Prestige Medical,
Chesterfield, England) were used as controls. Following this, the gas sample from the
headspace (200 µl) was injected into a gas chromatograph (Shimadzu GC-14A; Shimadzu
Corp., Kyoto, Japan) equipped with Molecular Sieve 5A to determine the O2 concentration.
The temperature of the detector and the column was 40 ◦C, and helium (40 cm3/min) was
used as the carrier gas [41]. The results for CAT were expressed as µmol O2 per gram of dry
soil per minute. The pressure in the vessel, measured in the headspace before each injection
with an Infield 7 m (UMS GmbH, München, Germany), was included in the calculation
of the O2 concentration. For DHA this was determined using the triphenyl tetrazolium
chloride (TTC) method [42]. The activity was calculated based on the amount of triphenyl
formazan (TPF) produced after a 20-h incubation of the soil samples at 30 ◦C. The results
obtained for DHA (expressed in µg TPF g/20 h) were reduced by the activity of the blank
control without TTC addition. DHA was measured spectrophotometrically based on an
absorbance measured at 485 nm (UV-1601PC, Shimadzu Corp., Kyoto, Japan).

Basal respiration (BR) was measured after a 2-h incubation of the soil samples (5 g,
n = 3) in the dark at 25 ◦C. The headspace air was then injected (200 µL) into the gas
chromatograph to determine the CO2 level. The results for BR were expressed in µg
CO2-C/g/h. Soil microbial biomass (Cmic) was determined using the substrate-induced
respiration (SIR) method with glucose amendments as an easily available source of C and
energy [43]. The soil samples were enriched with the glucose solution (10 mg per gram of
soil) and incubated with shaking at 25 ◦C in a water bath. After 2 h, the CO2 produced was
measured using gas chromatography. Soil microbial biomass was calculated based on the
equation [44]:

Cmic (mg/g) = 50.4 × cm3 (CO2/g/h) (1)

The concentration of CO2 in the headspace was measured with a gas chromatograph
(Shimadzu GC-14A, Shimadzu Corp., Kyoto, Japan) equipped with a thermal conductivity
detector (TCD) and a 2-m column (3.2 mm diameter) packed with Porapak Q, with He as
the carrier gas at a flow rate of 40 cm3/min. The detector response was calibrated using a
certified gas standard (Air Products, Warsaw, Poland) containing 1% CO2 in He.
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2.3. CO2 Emission Measurements

Air-dried soil samples of approximately 500 g dry weight were placed in 5-dm3 air-
tight dark chambers. Three sets were prepared for each of the two moisture conditions,
separately, for the soil from the top (plateau), mid-slope, and bottom of the gully. The
samples were then moistened with distilled water to a higher level (corresponding to 12%
vol.) and a lower level (corresponding to 9% vol.) for each position related to the lowest
and highest moisture conditions noted in this area during the sampling period (three
positions x two moisture conditions x three replicates: 18 samples in total). After three days
of preincubation in the dark at 25 ◦C (to unify water potential and stabilize indigenous soil
microbial communities [38]), the chambers were ventilated and tightly closed again. The
soils were incubated at 25 ◦C, and the CO2 concentration in the headspace was measured
for seven hours every half an hour using a Gasmet DX-4040 Fourier-Transform Infrared
Gas Analyzer (FTIR-GA) (Gasmet Technologie Oy, Helsinki, Finland).

The CO2 flux (F) (emission rate) was calculated from the slope of the change with time in
the concentration of gases in the closed chamber according to the following equation [45,46]:

F CO2 = kCO2 (273/T)(V/A)S (2)

kCO2 = gas constant at 273.15 K (0.536 µg C/µL)
T—air temperature (◦K)
V—chamber headspace volume (dm3)
A—area of the soil in the chamber (m2)
S—CO2 concentration change in the chamber based on the slope (dc/dt; ppm/min)

The resultant CO2 emissions and CO2 fluxes are shown as a time course separately for
each sampling position and moisture conditions.

2.4. Statistical Analysis

The results were statistically processed with Statistica 13 software (StatSoft Inc., Tulsa,
OK, USA) and Statgraphics Centurion XVI (Statgraphics Technologies, Inc., The Plains,
VA, USA). One-way ANOVA (Tukey HSD post-hoc test) was used to test the significance
of the differences in soil parameters between the different locations (top, mid-slope, and
bottom) of the forest gully. Multifactorial analysis of variance (MANOVA) was used to
test which of the factors (moisture or the position tested) significantly affected the CO2
fluxes. Correlation statistics were carried out to examine the relationships among CO2
emission, soil microbial (CAT, DHA, BR, Cmic), and physicochemical (pH, C:N ratio, Ntot
and SOC concentration, sand, silt, and clay content) parameters. The statistical analysis
was evaluated at the 5% level of significance.

3. Results and Discussion
3.1. Characteristics of the Forest Gully Soil

Soils collected from different positions in the gully varied in their physicochemical
and microbial parameters (Table 1). Results showed that the soil from the unvegetated
location at the bottom of the gully had a 33% higher soil organic carbon (SOC) concentration
compared to the upper parts covered by trees. This is in agreement with a two-year field
study conducted on a semiarid forest soil in a hilly gully region in China [18]. However,
the area in China is different from our investigated forest in terms of tree cover. Both in
our study and the forest stand in China, the density of trees decreased from the top to the
bottom but there was no vegetation at the bottom of our gully in contrast to that in China.
The Chinese study showed that the soil SOC at the top and mid-slope position was at a
similar level, and the soil at the bottom had about 30% higher SOC [18].
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Table 1. Physicochemical parameters of soils collected along the topographical gradient of the forest
gully: top, mid-slope, and bottom (average values ± sd; n = 3; the same letter indicates no significant
difference; ANOVA, Tukey HSD test, p < 0.05).

Tested Positions Top Mid-Slope Bottom

SOC (%) 1.28 ± 0.046 (a) 1.27 ± 0.036 (a) 1.70 ± 0.128 (b)
Ntot (%) 0.09 ± 0.003 (a) 0.10 ± 0.002 (a) 0.13 ± 0.012 (b)

C:N Ratio 13.99 ± 0.30 (b) 13.40 ± 0.45 (ab) 12.70 ± 0.64 (a)
pH 5.44 ± 0.06 (b) 4.89 ± 0.15 (a) 6.17 ± 0.08 (c)

Texture loamy sand sandy loam sandy loam
Clay (%) 1.70 ± 0.11 (a) 3.51 ± 0.09 (b) 3.51 ± 0.41 (b)
Silt (%) 19.93 ± 1.14 (a) 38.30 ± 1.06 (c) 34.07 ± 0.97 (b)

Sand (%) 78.37 ± 1.25 (c) 58.26 ± 1.08 (a) 62.42 ± 1.37 (b)
Silt:Clay Ratio 11.72 ± 0.13 (c) 10.93 ± 0.10 (b) 9.80 ± 0.83 (a)

Variations in topography can be associated with major differences in soil C seques-
tration and may be useful in the prediction of the spatial distribution of SOC stocks [47].
However, the major source of SOC is plant leaves, roots, and root exudates [48]. Whilst
trees produce more litterfall and have larger roots than crops and grasses [49], and af-
forestation of degraded soils has considerable potential to reduce soil losses and enhance
SOC sequestration this clearly varies with slope/topography, and sequestration is greater
towards the bottom of steeper slopes than it is for gentler slopes [49,50].

Among the soil properties examined texture may play a key role in C storage since
SOC may be absorbed onto the soil clay mineral surface [51]. Therefore, soils with a high
clay content generally show a higher potential for SOC storage compared to sandy soils [52].
We also showed significant differences in particle size distribution, depending on gully
position. The proportion of sand decreased as follows: top > bottom > mid-slope and
soil from the top had a significantly lower clay content than soil from the mid-slope and
bottom parts (p < 0.05) (Table 1). Differences in particle size distribution are consistent
with those found in a study conducted in an afforested area in Brazil. The sand fraction
was significantly higher, while the clay fraction was lower in flatter areas compared to
slope positions (p < 0.001) [53]. The mechanism of SOC absorption on the surface of clay
particles may also explain our results where the bottom gully had the highest SOC and the
highest CO2 emissions, which was significantly less than the soils with a high sand content
at the top of the gully. Whilst the clay content was the same in the bottom and mid-slope
soils, significant leaching from the mid-slope position, associated with water movement,
may reduce C storage. This indicates that soil texture strongly influenced SOC content in
our experiment presumably by influencing how much material is retained in response to
water movement at any location, which also supports our hypothesis. The particle size
distribution could also affect water storage/movement and this was higher in the forest
gully bottom where there was a lower sand content. The high-moisture conditions at this
largely depositional position would also limit decomposition rates and simultaneously
stabilize SOC [54]. Li et al. (2019) [54] suggested that depositional topsoil SOC is prone to
mineralization (in consequence more CO2 is emitted) while SOC is stabilized at subsoil
depths. Moreover, Hou et al. (2020) [49] showed a dependency of C sequestration on tree
species, and slope and afforestation with broadleaf trees significantly increased the SOC
stock in the topsoil (without significant changes in the subsoil). Conversely, afforestation
with conifer trees caused a significant increase in SOC stock in the subsoil, although this
was not significant in the topsoil.

However, it should be considered that the properties of soils from different parts
of the gully may be specific to the location under study. This is related in part to gully
orientation which largely determines the local microclimatic conditions through the extent
of exposure to solar radiation. North-facing slopes receive less sunlight, resulting in cooler
and wetter conditions, often with a denser vegetation cover compared to exposed and
drier south-facing slopes [55–57]. In relation to C sequestration, it has been documented
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that afforestation under shady slopes (vs. sunny gentle slopes) maintained more SOC [50].
Also, including the position of the gully, the SOC storage at the middle and upper parts of
the shady slope and the bottom were the highest, followed by storage at the bottom of the
sunny slope. The vegetation C storage at the bottom, the bottom of the sunny slope, and
the upper and middle of the shady slope were significantly higher than those at the middle
and upper parts of the sunny slope and the bottom of the shady one [58].

Like SOC, the total soil N concentration was also significantly higher in the bottom
than in the upper parts of the gully (Table 1). This may also relate to the absence of
vegetation (and, consequently, absence of litter) in the bottom part, as N can be taken
up by trees [59] resulting in a lower N content in the top and mid-slope soils covered by
vegetation.

The highest C:N ratio in our study was recorded in the top gully parts, whereas the
lowest value was found in the bottom soil (Table 1). The significantly higher SOC and Ntot
contents, along with the lower C:N ratio in the bottom soil than in soils collected in upper
positions, suggests that the soil at the bottom contained relatively more active components
of the soil organic matter. Land use can affect the C:N ratio and in the forest soil it was
higher than in cultivated soils (cassava, corn, and paddy rice crops) due to a reduction in
decomposition rates and an increase in storage of SOC in the surface layers of uncultivated
soils that are compacted and sealed [48]. Based on our study, we concluded that the higher
C:N ratios in both top and mid-slopes are an effect of tree growth. Lower C:N in the bottom
part positively affects microbial activity, partly due to a higher N content.

The soils from all gully parts differed significantly in pH, which decreased in the order:
bottom > top > mid-slope (Table 1). The higher pH values in the gully bottom soil may be
associated with the absence of litter, as the presence of oak leaves, which are predominant
in the forest studied, can lead to a lower pH [60]. Similarly, a study on a subtropical forest
in Taiwan showed that the pH was lower in bottom soils due to a reduction in leaf litter
compared to upper positions with extensive vegetation cover [61]. The pH of sandy soil
from the bottom of a forest ravine in the Bohemian Switzerland National Park was higher
by 0.5–1.0 than in soil from slopes and upper parts [62].

The value of the silt: clay ratio differed statistically between the samples from the
positions studied and ranged from 9.80 ± 0.83 in the gully bottom to 11.72 ± 0.13 in the
uppermost sampling location (Table 1). The silt: clay ratio, can be considered as a post-
depositional weathering index [63] and provides an indication of the volume of migrating
particles and their saturated hydraulic conductivities [17,64]. When this ratio is high there
is a greater chance of migration compared to soil from the lower parts with a lower silt:
clay ratio. Our results (Table 1) suggest that soil collected from the top part is most likely
to migrate compared to soils associated with other locations in the gully.

The values for the microbial parameters also varied between different parts of the
gully (Table 2).

Table 2. Microbial parameters of soils collected along the topographical gradient of the forest gully:
top, mid-slope, and bottom (average values ± sd; n = 3; the same letter indicates no significant
difference; ANOVA, Tukey HSD test, p < 0.05).

Tested Positions Top Mid-Slope Bottom

CAT (µmol O2/g/min) 10.77 ± 2.09 (a) 10.64 ± 0.98 (a) 11.26 ± 0.88 (b)
DHA (µg TPF/g/20 h) 2.74 ± 0.35 (b) 1.00 ± 0.25 (a) 2.32 ± 0.43 (b)

BR (µg CO2-C/g/h) 6.91 ± 0.82 (ab) 5.41 ± 0.79 (a) 7.51 ± 0.60 (b)
Cmic (mg C/g) 0.97 ± 0.02 (a) 0.97 ± 0.01 (a) 1.15 ± 0.06 (b)

CAT—catalase activity, DHA—dehydrogenase activity, BR—basal respiration, Cmic—microbial biomass.

It has been documented that variations in the microbial populations might result from
the physical conditions of the topographical gradient, which determines the distribution of
light, heat, and rainwater, by altering surface runoff [18,65]. The leaching and accumulation
of nutrients and the composition of the soil solution depends on the slope position, causing
differences in soil properties and creating different conditions for soil microbial activity [16].
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In our study, dehydrogenase activity (DHA) was at a similar level in the top and
bottom soils, but lower (p < 0.05) in the soil from the mid-slope position (Table 2). This
may be related to the occurrence of the lowest pH in the mid-slope soil because other key
parameters (Ntot, SOC, Cmic) were also at a similar level both in the top and mid-slope
gully positions with a higher DHA value. A study on Mediterranean forests (cork oak)
showed a positive correlation between DHA and pH, which was an even better predictor
of DHA than the amount and quality of soil organic matter [66]. Since water erosion may
reduce the soil water-holding capacity it can, in combination with a low pH, also alter
the normal succession of soil microbiota [67]. In addition, the abundance of microbial
communities decreased moving down the slope, which corresponded to the decrease in
temperature [18]. Low DHA was also reported in eroded slopes of mining spoils, which
was related to limited vegetation development and low soil organic matter [67].

Catalase activity (CAT) was significantly higher in the soil from the gully bottom, and
this may be associated with microbial cell protection against toxic O2 species produced
during aerobic respiration associated with the higher microbial biomass (Cmic) (Table 2),
which has previously been reported [29,68]. A study on different landforms showed that
CAT tended to have the highest activity in plateau soils and the lowest value in a terraced
land, but the differences were not significant [17].

Microbial biomass (Cmic) at the bottom gully position was 19% higher than the top
and mid-slope positions (p < 0.05), and basal respiration (BR) was 39% higher compared to
the mid-slope location (p < 0.05) (Table 2). The Cmic and the BR provide an indication of
soil functionality and biological activity [31,32]. Since soil parameters strongly regulate
microbial growth and activity, we concluded that the high Cmic and BR are associated with
the higher SOC content and pH in the bottom gully location. It has also been reported
that gullies provided the best conditions for soil microorganisms in comparison with other
erosional topographies [69].

3.2. CO2 Emissions from Forest Gully Soil

Soils from different parts of the forest gully, incubated at a higher (12% v/v) and lower
(9% v/v) moisture level, varied in their CO2 emissions (Figure 1).
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Figure 1. Cumulative CO2 emission in soils from different positions of the forest gully: top, mid-slope, and bottom incubated
at (a) higher moisture (12% vol.); (b) lower moisture (9% vol.) (average values ± 95% confidence intervals; n = 3).

We concluded that soil CO2 emissions depended on gully position and the soil mois-
ture conditions to which they were exposed. At the higher moisture level, all soils emitted
more CO2 than at the lower moisture level. During soil incubation at the higher mois-
ture level, the final CO2 concentration was 1233.51 ppm for the top, 941.20 ppm for the
mid-slope, and 1421.35 ppm for the bottom position (Figure 1a) which corresponds to
73.14, 55.81, and 84.28 g CO2-C/kg, respectively. At the lower moisture level, the final
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CO2 emissions were significantly lower, by 27% for the top, 14% for the slope, and 18%
for the bottom (Figure 1b). As a consequence of this, the hourly CO2 flux decreased in the
following order: bottom > top > slope (p < 0.05) for both moisture levels (Figure 2).
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Figure 2. Emissions of CO2 from soils collected from the top, mid-slope, and bottom of the gully and incubated at high (12%
vol.) and low moisture (9% vol.) contents (average values ± sd; n = 3; the same letter indicates no significant differences;
the small letters refer to differences between positions, and the capital letters refer to the differences between moisture
conditions; ANOVA, Tukey HSD test, p < 0.05).

The results suggest that the position in the gully is significantly related to the amount
of CO2 emitted (Figure 2, Table 3), in agreement with a field study on eroding blanket peat
gullies [70]. As in our experiment, this study also observed the highest CO2 emissions from
the gully bottom, and these differences were attributed mainly to the absence of vegetation. In
our gully, there was also variation in vegetation cover and no trees were present at the bottom.

Table 3. Multifactor ANOVA with F-ratios and p-values for the factors that affected CO2 emission:
position (top, mid-slope, bottom of the gully) and moisture (9% and 12% v/v), and their interaction.

Source Sum of
Squares

Degrees of
Freedom

Mean
Square F-Ratio p-Value

Factor
Position 239,717 2 119,859 15,472.1 0.00
Moisture 116,850 1 116,850 15,083.8 0.00

Position ×
Moisture 8259 2 4129 533.1 0.00

Error 93 12 8

Based on a field experiment on soils from riparian buffer zones, including slope alder
forest, the emissions of all GHGs measured varied markedly at both temporal and spatial
scales and were mainly controlled by soil moisture and temperature [71]. A study on
a sandy loam soil in a mixed forest in Korea showed that intra-slope variability in soil
respiration and related soil parameters for longer slopes (50 m) were generally greater than
inter-slope variability [72]. In contrast, a two-year study of semiarid forest soils showed
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that, despite the varying physical and biogeochemical properties of the soil across the
topographic gradient, soil respiration did not differ across the three slope positions [18].

Soil moisture is one of the microsite factors that often varies significantly in topo-
graphically different areas [72]. In addition to soil biogeochemical properties (SOC, soil
nutrients, and structure) variations in moisture belong to physical processes that affect soil
respiration [18]. In our experiment, CO2 emissions were lower at the lower soil moisture
level, regardless of gully position (Figures 1 and 2). We concluded that together with the
tortuosity of soil pores, moisture not only controls soil CO2 concentrations (Table 3), mainly
through an influence on soil gas diffusivity [73] but also through its effect on soil microbial
activity [74]. Laboratory tests of undisturbed soil cores from different land-use types
(croplands, forests, grasslands, and wetlands) showed that the maximum CO2 emissions
occurred at intermediate soil moisture (between 20 and 60% WFPS, water-field pore space)
contents and the optimum soil moisture conditions for CO2 emissions was dependent
on soil texture [75]. At forest sites with sand and sandy loam soils, higher soil microbial
respiration rates were recorded under drier soil conditions than in a clay loam associated
with grassland [75].

3.3. Analysis of Interrelationships

Considering the soil properties measured along the topographical gradient of the gully, it
was evident that the emissions of CO2 to the atmosphere (an environmental consequence of
soil biological activity) was much less differentiated by the sand, silt, and clay contents, but
was significantly influenced by SOC, Ntot, and Cmic and, especially, by soil pH (Table 4).

Table 4. Correlation coefficients between the CO2 emission and the microbial and physicochemical
parameters of soils from the top, mid-slope, and bottom of the forest gully (asterisk indicates
significant differences at p < 0.05).

DHA CAT BR Cmic Clay Silt Sand pH SOC Ntot C:N

CO2
Emis-
sion

0.63 0.877
*

0.792
*

0.851
* −0.089 −0.224 0.205 0.991

*
0.854

*
0.823

* −0.481

(DHA—dehydrogenase activity, CAT—catalase activity, BR—basal respiration, Cmic—microbial biomass).

A positive relationship was found between CO2 emissions and CAT. Interestingly, CO2
emission showed no correlation with DHA (Table 4), probably due to the relatively low soil
moisture conditions during soil sampling since the dehydrogenase enzymes are stimulated
more by flooding/high water availability [76]. For CAT there was a significant positive
relationship with soil pH, SOC, Ntot concentration, and microbial biomass (Cmic), which
confirms the higher CAT values are indicative of higher biological activity in soils [24]. The
C:N ratio was negatively correlated with Cmic but significantly positively correlated with
pH, SOC, and Ntot concentration (Table A1 in Appendix A). A low C:N indicates a higher
N concentration [77], which may result in a higher microbial biomass.

The interrelationships among CO2 emissions and soil-related factors confirm the
complexity of the potential drivers of soil respiration in soil ecosystems, especially in a
heterogeneous forest landscape. Wang et al. (2017) [69] reported that the relationships
between physical and chemical soil properties, microbial populations, and enzymatic
activities differed significantly amongst the different erosional topographies. A study
conducted in a Pinus massoniana forest reported that the highest numbers of soil bacteria,
fungi, and microorganisms were found in the gullies [69]. Heterotrophic respiration was
also regulated by temperature through effects on changes in soil microbial structure and
processes [18]. In an eroded area, soil CO2 flux is affected by run-off since this process
influences SOC stocks and dynamics [78]. Regardless of the land use, both SOC and
Ntot are concentrated in the near-surface (0–10 cm) soil layer and, in eroded areas, may
be easily mineralized and transported, thus increasing CO2 emissions in depositional
environments [79]. Higher SOC stocks in the depositional site, as in the gully bottom in our
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study, may be a result of displacement of finer particles and associated soil SOC from the
eroding slope [78]. The results from an eroded area in China indicated that soil deposition
beneficially enhanced soil microbial biomass in contrast to water erosion and, as in our
research, CAT activity was higher in depositional (the bottom) than erosional sites [80]. The
authors also observed a positive relationship between CAT and dissolved organic content.

There was a positive correlation between DHA and the amount of the sand fraction
(but negatively with the silt and clay content; p < 0.05) (Table A1 in Appendix A). It is well
known that DHA provides information about the active soil microbial population [25].
It was previously reported that the particle size distribution influenced both bacterial
and fungal communities, regardless of soil management practice [81]. Bacterial richness
increased with an increasing proportion of the sand fraction, because of the higher number
of isolated hydrated microhabitats in coarser soils [82]. Soil texture also influences the
activity of soil microbes, as differently sized particles create different microenvironments
that influence microbial activity or support specific bacterial taxa [83]. The predominance of
the sand fraction or coarse silt may result in better soil aeration, as individual particles are
incorporated into macro-aggregates (>250 µm) where aerobic microorganisms are exposed
to oxygenated conditions and, consequently, may dominate in these zones [83,84].

4. Conclusions

A failure to recognize the effect of local topographical variations in forests may be
important in the estimation of ecosystem CO2 emissions and C sequestration. The position
of soils in forest gullies has a significant effect on several soil variables, including C and N
concentrations. The soil from the gully bottom can be characterized by having the highest
pH, SOC, and Ntot concentrations, which may be largely due to the deposition of eroded
fine materials together with organic matter. Higher SOC stocks were associated with the
highest microbial biomass, catalase activity (CAT), and CO2 emission. Soils from all gully
positions might emit more CO2 at higher moisture levels (12% v/v) in situ, indicating that
water availability may be a general limiting factor. The positive relationship between CO2
emissions and CAT indicates that the activity of aerobic soil microbiota was the main source
of CO2 emissions. We suggest that in studies on forest ecosystems with a high density
of gullies or ravines, the inclusion of such topographic features may reduce the error
and improve the estimates of soil CO2 emissions and C sequestration. While the general
applicability of these results to other gullies is uncertain, the predominant influence of
slope-related movement of water and inorganic/organic materials as an important driver of
location-dependent differences suggests that many gullies may share a number of common
characteristics. Studies including different soil types and other afforested systems exposed
to contrasting environmental conditions will be important to confirm the generality of the
observed trends.
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Appendix A

Table A1. Correlation coefficients between the CO2 emission and the microbial and physicochemical parameters of soils
from the top, mid-slope, and bottom of the forest gully (asterisk indicates significant differences at p < 0.05).

All
Samples

CO2
Emission DHA CAT BR Cmic Clay Silt Sand pH SOC Ntot. C:N

CO2
emission 1

DHA 0.630 1
CAT 0.877 * 0.495 1
BR 0.792 * 0.591 0.443 1

Cmic 0.851 * 0.317 0.830 * 0.606 1
clay −0.089 −0.731 * 0.169 −0.322 0.336 1
silt −0.224 −0.802 * 0.043 −0.424 0.213 0.990 * 1

sand 0.205 0.792 * −0.062 0.409 −0.231 −0.993 * −0.999 * 1
pH 0.991 * 0.645 0.847 * 0.844 * 0.852 * −0.101 −0.235 0.215 1

SOC 0.854 * 0.216 0.880 * 0.544 0.796 * 0.330 0.203 −0.221 0.831 * 1
Ntot. 0.823 * 0.138 0.836 * 0.560 0.822 * 0.410 0.286 −0.304 0.813 * 0.975 * 1
C:N −0.481 0.160 −0.499 −0.383 −0.680 * −0.596 −0.518 0.530 −0.514 −0.643 −0.792 * 1
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biofertilizer application in degraded Brunic Arenosol and Abruptic Luvisol of contrasting textures. Agronomy 2020, 10, 1347.
[CrossRef]

40. Trevors, J. Rapid gas chromatographic method to measure H2O2 oxidoreductase (catalase) activity in soil. Soil Boil. Biochem. 1984,
16, 525–526. [CrossRef]
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