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Abstract Interest in soil C storage and release has
increased in recent years. In addition to factors such as cli-
mate/land-use change, vertebrate animals can have a con-
siderable impact on soil CO, emissions. To date, most
research has considered herbivores, while the impact of
omnivorous animals has rarely been investigated. Our goal
was to determine how European wild boars (Sus scrofa L.),
large omnivores that consume soil-inhabiting animals and
belowground plant parts by grubbing in the soil, affect soil
C dynamics. We measured soil respiration (CO,), tempera-
ture, and moisture on paired grubbed and non-grubbed plots
in six hardwood forest stands for a 3-year period and sam-
pled fine root and microbial biomass at the beginning and
after 2 years of the study. We also measured the percentage
of freshly disturbed forest soil within the larger surround-
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ings of each stand and used this information together with
hunting statistics and forest cover data to model the total
amount of CO, released from Swiss forest soils due to
grubbing during 1 year. Soil CO, emissions were signifi-
cantly higher on grubbed compared to non-grubbed plots
during the study. On average 23.1% more CO, was released
from these plots, which we associated with potential altera-
tions in CO, diffusion rates, incorporation of litter into the
mineral soil and higher fine root/microbial biomass. Thus,
wild boars considerably increased the small-scale heteroge-
neity of soil properties. Roughly 1% of Switzerland’s sur-
face area is similar to our sites (boar density/forest cover).
Given the range of forest soil disturbance of 27-54% at our
sites, the geographic information system model predicted
that boar grubbing would lead to the release of an addi-
tional 49,731.10-98,454.74 t CO, year’l. These values are
relatively small compared to total soil emissions estimated
for Swiss hardwood forests and suggest that boars will have
little effect on large-scale emissions unless their numbers
increase and their range expands dramatically.

Keywords Soil mixing - Microbial biomass -
Fine root biomass - Omnivore - Geographic information
system model

Introduction

Soils are an important component of the global C cycle
because they store over two-thirds of the C of terrestrial
ecosystems (Schulze 2006). Consequently, interest in
understanding the factors that control this pool is high.
Mineral soil C turnover rates and, therefore, the amount of
CO, and other greenhouse gases released from the soil to
the atmosphere, have been shown to be a function of soil:
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(1) organic matter quality and quantity; (2) micro-climate
(temperature, moisture); (3) physical properties (texture,
bulk density); (4) chemical properties (pH, C/nutrient con-
centrations); and (5) biological properties (microbial bio-
mass, composition, diversity, activity; e.g., Kirschbaum
1995; Lomander et al. 1998; Epstein et al. 2002). Thus, any
alteration of one or several of those parameters can increase
or decrease soil CO, emission and organic matter decompo-
sition rates, and the subsequent total C stored in soil.

Vertebrate animals can directly or indirectly alter soil
biotic and abiotic properties (see e.g., reviews by Jefferies
et al. 1994; Bardgett and Wardle 2003; Wardle et al. 2004;
Pastor et al. 2006). By foraging on plant material they can
induce changes in plant properties (C exudation, tissue
nutrient content, plant community composition and produc-
tivity) and indirectly affect soil physical, chemical and bio-
logical properties as well as alter the quality and quantity of
organic matter that enters the soil (see e.g., Bardgett and
Wardle 2003; Pastor et al. 2006). Additionally, they can
directly affect soil biotic and abiotic properties through
physical disturbance (e.g., Tardiff and Stanford 1998; Van
der Wal etal. 2007), by returning nutrients to the soil
through waste (urine, feces) or carcasses (e.g., Carter et al.
2007; Fornara and Du Toit 2008), and by altering the
belowground community composition of microbes, inverte-
brates, and vertebrates through consumption (e.g., Russell
and Detling 2003; Mohr et al. 2005). As a consequence,
animals are likely to have a strong effect on the amount of C
released from the soil as CO,.

Most field studies on vertebrate—soil CO, interactions
have been conducted in ecosystems inhabited by domestic
(e.g., Morris and Jensen 1998; Rochette et al. 2000; Bremer
and Ham 2002; Owensby et al. 2006; Jia et al. 2007), and to
a lesser extent, native herbivores (e.g., Bremer et al. 1998;
Knapp et al. 1998; Johnson and Matchett 2001; Risch and
Frank 2006; Van der Wal et al. 2007). In contrast, surpris-
ingly little research has focused on how omnivorous verte-
brates (consuming both plants and prey) affect soil
properties and subsequent CO, emissions. Although these
animals consume less aboveground plant material com-
pared to herbivores and have lower indirect effects on soil
processes, they could potentially have a considerable direct
effect on the soil system through: (1) the physical distur-
bance of the soil when searching for forage (turning over
the soil or litter layer), and (2) the alterations of the below-
ground community when consuming belowground plant
parts or animals.

Wild boars (Sus scrofa L.) are omnivorous animals that
obtain a considerable proportion of their diet by grubbing in
the soil searching for plant seeds, roots/bulbs, vertebrate
and invertebrate animals (=rooting; Howe and Bratton
1976; Wood and Roark 1980; Bratton et al. 1982; Baber
and Coblentz 1987; Hone 1988). Grubbing involves breaking
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through the vegetation and typically mixes the top 15—
70 cm of the litter and mineral soil (Imeson 1977; Genov
1981; Kotanen 1995). Consequently, wild boars, like other
bioturbators, strongly affect soil physical, chemical and bio-
logical properties (review in Gabet et al. 2003; Singer et al.
1984; Lacki and Lancia 1986; Groot Bruinderink and
Hazebroek 1996; Moody and Jones 2000; Sierra 2001;
Mohr et al. 2005), and have the potential to exert a consid-
erable impact on the amount of CO, released from the soil.

Wild boars are synanthropic species with a high repro-
ductive potential, a high adaptability to a wide variety of
habitats and a high ecological plasticity (Taylor et al.
1998). They naturally inhabited northern Africa, Europe
and the whole of Asia, but also were introduced into the
Americas, Australia and New Zealand. In many European
countries, their population size has increased considerably
during the past three decades and the boars have re-colo-
nized regions where they were drastically reduced or
locally extinct during the eighteenth and nineteenth century
(Schley etal. 1998; Geisser and Reyer 2005; Hebeisen
et al. 2007). Several factors are likely responsible for these
changes in boar numbers and distributions: (1) higher fre-
quency in mast years of beech and oak due to air pollution
and environmental stress, (2) higher survival rates of piglets
due to climate change-related increased temperatures dur-
ing winter, (3) increased agricultural use of corn as a crop,
(4) increased size of agricultural fields (less disturbance,
lower detectability of boars), (5) trend in forest manage-
ment towards replacing conifers with hardwoods, (6) bait-
ing or diverting boars with corn feed by hunters and game
managers, and (7) decreasing numbers or the elimination of
natural predators (Feichtner 1998; Kriiger 1998; Hespeler
2004; Melis et al. 2006). Today, European wild boar densi-
ties are estimated to range between 0.3 and 12.0 boars per
km? (Melis et al. 2006; Hebeisen et al. 2007). In Switzer-
land, the population size has been steadily increasing since
the 1980s, but the animals mostly occur in the northern-
and southernmost areas of the country, where hardwood
forests predominate.

The primary objective of our study is to assess how
grubbing by wild boars affects soil CO, emissions in hard-
wood forests in the Swiss central plateau. We measured soil
CO, emissions, soil temperature and soil moisture over
3 years as well as determined fine root and microbial bio-
mass in grubbed and non-grubbed soil at the beginning and
after 2 years of the study to assess the impact these animals
have on those properties. Further, we estimated total per-
centage of freshly disturbed forest soil by boars in our
different forest stands twice during the study and used this
information together with Swiss wild boar hunting statistics
and forest cover data to estimate the effect wild boars might
have on soil CO, emissions at the national scale using a
geographic information system (GIS) model.
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Materials and methods
Study area and sampling design

The study was conducted in hardwood and mixed hard-
wood forests located north of Zurich (47°23'N, 8°31'E) in
the state of Zurich, Switzerland. The mean annual tempera-
ture is 9.2°C, and the mean annual precipitation is
1,137 mm (30 years averages from 1978 to 2008) with
roughly 25% falling as snow during the months of November
up to and including February (MeteoSchweiz 2008).
We selected six 5-ha sites in beech (Fagus sylvatica L.)-
dominated stands that also contained other hardwoods such
as oaks (Quercus ssp.) and hornbeam (Carpinus betulus L.)
and conifers [Norway spruce (Picea abies L. Karst); Scots
pine (Pinus sylvestris L.)]. All sites were classified as typi-
cal Galio oderati-Fagetum following Keller et al. (1998)
and were located within 50 km of each other. Elevation
differences between our study sites did not exceed 120 m.
Soil physical and chemical properties were also similar
among the sites (Table 1): The soil texture class was sandy
loam underlain with sandstone parent material. The litter
layer averaged 3 cm, rock content was 33%, and soil depths
extended to 75 cm. Soils on these study sites were highly
acidic (all pHs < 4.0).

Extensive grubbing events larger than 100 m* in size
originating from grubbing between October 2005 and
February 2006 were detected at all sites in spring 2006. We
established a paired plot design consisting of a grubbed
(disturbed) and non-grubbed (undisturbed) plot 10 x 10 m
in size at each study site in late May 2006. The non-
grubbed plot was randomly selected in close proximity to
the grubbing incident, but located at least 15 m from the
grubbed plot. Since grubbing generally is visible for
roughly 3 years in the forests we worked in, our non-
grubbed plots have, if ever, not been disturbed for 3 years.
Both the grubbed and non-grubbed plots were fenced with
1.3-m-high knotted mesh (Ursus 130/11/15; mesh size at
0- to 50-cm height = 10 x 15 cm; mesh size at 50-110 cm =
15 x 15cm; mesh size at 110-130cm =20 x 15 cm;

Hortima, Hausen, Switzerland) tightened around 1.6-m
square wooden posts (15 x 15 cm) to prevent boars from
entering. Two 2.5-mm-diameter wires were affixed at
1.4- and 1.5-m height to prevent animals (roe deer) from
jumping over the 1.3-m mesh.

To determine if boars specifically select foraging sites
within a homogeneous stand or randomly grub in the soil,
we established a third randomly chosen, non-grubbed and
non-fenced 10 x 10-m plot at each study site at the begin-
ning of the study (May 2006). All these plots were subject
to grubbing until the end of the study and, therefore, we
assume that boars do not specifically select the sites where
they are grubbing. Thus, our randomly chosen non-grubbed
fenced plots were sufficient controls to be compared with
the respective grubbed plots. Further, a forth plot was
established at each site in June 2008. These plots were not
disturbed between October 2005 and October 2007, but
were freshly grubbed between October 2007 and March
2008. These plots were used to determine if grubbing at
different times at different plots would produce the same
soil CO, efflux data as those study plots chosen in 2006.

Soil sampling and soil CO, emission measurements

Soil samples were collected twice. The first set of samples
was collected at both the grubbed and non-grubbed plots
just after plot establishment in early June 2006. The second
soil sampling date was 2 years after plot establishment in
early June 2008. Each time we randomly selected six loca-
tions in each plot to collect mineral soil samples using a
5-cm-diameter core sampler. Samples were taken at 15-cm
depth intervals to a total depth of 45 cm, after removing the
litter layer. Soil samples were collected at least 1 m from
the fence to avoid edge effects. Three of the six samples
were dried at 65°C and fine roots were manually separated
from the soil material to obtain fine root biomass (dry
weight). The other three samples were immediately put on
ice, taken to the laboratory, sieved through a 2-mm sieve
and stored for 2 weeks in the cold room at 4°C. Microbial
biomass was then determined using substrate-induced

Table 1 Elevation, soil chemical and soil physical properties of the top 45 cm of the mineral soil of the six sites under study (data from

non-grubbed plots established in May 2006)

Site Elevation pH C (%) N (%) Soil bulk density Soil particle size distribution Soil texture
(m) (g cm™3) class
Sand (%) Silt (%) Clay (%)
1 550 3.18 2.16 0.13 1.06 72.0 18.1 9.9 Sandy loam
2 550 3.55 3.10 0.17 1.14 76.3 134 10.3 Sandy loam
3 560 2.92 3.00 0.14 1.01 74.6 14.4 11.0 Sandy loam
4 610 293 4.05 0.17 1.04 69.1 20.3 10.6 Sandy loam
5 650 291 3.60 0.17 1.02 66.2 23.8 10.0 Sandy loam
6 670 2.81 5.05 0.22 0.83 68.2 22.5 9.3 Sandy loam
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method of Anderson and Domsch (1978). Deionized water
was added as needed to bring all samples to 60% water-
filled pore space. The samples where then incubated at
room temperature for 10 days prior to analyses to subside
spurious microbial activity associated with the sampling
disturbance. This incubation period was determined in a
preliminary experiment as a minimum before microbial
activity declined to a steady state (basal respiration). Micro-
bial biomass was determined using 25 g of mineral soil (dry
weight equivalent) and a glucose concentration of 5 g kg ™!
soil. CO, production was analyzed 1-2h following the
addition using a LI-COR 6200 gas analyzer (LI-COR Bio-
sciences, Lincoln, NE, USA).

In situ soil CO, emissions were measured with a PP-Sys-
tems SRC-1 soil respiration chamber (closed circuit)
attached to a PP Systems EGM-4 infrared gas analyzer (PP
Systems, Hitchin, Hertfordshire, UK) on five randomly
selected locations within each grubbed and non-grubbed
plot. For each measurement the soil chamber (15 cm high;
10 cm diameter) was placed on permanently installed PVC
collars (10 cm diameter) driven 5 cm deep into the mineral
soil at the beginning of the study. The measurements were
conducted between 0900 hours and 1700 hours every
6 weeks (expect between November 2006 and March 2007
due to a broken analyzer) starting in June 2006 and ending
in June 2008 (total number of measurements = 15). In addi-
tion, we measured soil CO, emissions every 6 weeks on the
freshly grubbed plots (installed in June 2008) and non-
grubbed plots (installed in May 2006) from July 2008 to
May 2009 (no measurements conducted in December and
January due to snow on the ground). Freshly germinated
plants growing within the PVC collars were removed prior
to each of the measurements. We measured soil tempera-
ture with a waterproof digital pocket thermometer (Barn-
stead International, Dubuque, IA, USA) and soil moisture
with a Field Scout TDR 100 (time domain reflectometer;
Spectrum Technologies, Plainfield, IL, USA) for the 0- to
10-cm mineral soil depth at five random points at each plot
during each of the soil CO, emission measurements.

Statistical analyses

To investigate whether soil CO, emissions, soil tempera-
ture and moisture differed between the paired grubbed and
non-grubbed plots between June 2006 and June 2008 we
used a linear mixed model procedure in order to avoid
potential pseudoreplication of the data: soil CO, emission,
soil temperature and soil moisture, respectively, were a
function of the two fixed-effects treatment (grubbed and
non-grubbed) and time and the random-effect site. We also
adjusted these models for temporal autocorrelation where
necessary. The same linear mixed model approach was
used to assess the differences in soil CO, emission between
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the originally installed non-grubbed (May 2006) and the
freshly grubbed (June 2008) plots. Soil temperature and
moisture were highly correlated for both the grubbed and
the non-grubbed plots. We therefore tested whether the
residuals of this model helped to further explain any of the
remaining variance before assessing the relationships
between soil moisture or soil temperature (independent
variables) and soil CO, emissions (dependent variable)
with linear regression analyses. Differences in fine root and
microbial biomass between the grubbed and non-grubbed
plots were tested using two-tailed paired ¢ tests for both
sampling dates. The a-level was 0.05 for all analyses. The
normality and homogeneity criteria were met for all data,
thus we did not transform our data.

Extrapolation of the effects of boar grubbing on soil CO,
emissions

Percentage of grubbed soil area in the forest stands
surrounding our sites

We established four 200-m-long and 1-cm-wide (width of
measuring tape) transects at each of our six sites to deter-
mine the percentage of freshly grubbed soil surface area at
our sites (from the previous winter until spring). We chose
the northern-, eastern-, southern-, and westernmost points
of each paired plot as transect starting points. The extent of
fresh grubbing along each transect was recorded and the
percentage of the transect that was disturbed was calcu-
lated. We then averaged the percentages of all four tran-
sects per site to obtain an estimate of the total percentage of
grubbed forest soil. The inventory was conducted when the
study was established in spring 2006 and repeated in spring
2008. From these two inventories we calculated an average
percentage of fresh grubbing events for our study sites.

Estimating forest area inhabited by wild boars

Population counts of wild boars are not available for
Switzerland. To estimate wild boar densities we used the
average number of wild boars culled during the 2003—-2006
hunting seasons (hunting statistics) provided by state agen-
cies for each county or hunting district of the respective
state (depending on hunting regimes of the respective state;
2,275 units in total). From these statistics we calculated the
number of wild boars culled per 10 km? for each county or
hunting district and entered the information into ArcGIS
9.2. Since our six study sites were located in areas where on
average more than ten boars per 10km? were culled
between 2003 and 2006, we merged all counties/hunting
districts for all of Switzerland with ten or more boars culled
per 10 km? to a new layer. We then performed a spatial join
of this layer with an existing GIS layer containing information
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on forest cover type (provided by the Swiss Federal
Statistical Office 2010): hardwood and mixed-hardwood
were defined as potential wild boar habitat, mixed-conifer-
ous and coniferous as non-boar habitat. The resulting joined
layer allowed us to calculate the total area of Switzerland
that we considered to be potentially inhabited by wild boars
at a similar density to our sites (“boar areas”). We assumed
that these sites were similarly affected by boars as our sites.

Effect of wild boars on soil CO, emission at large scales

To estimate the amount of CO, released from Swiss forest
soils as a result of wild boar grubbing, we calculated the
average difference in CO, emissions between our grubbed
and non-grubbed plots using all measurements conducted
during the first year of measurement (June 2006 up to and
including June 2007). We assumed that the differences in
CO, emissions between grubbed and non-grubbed plots
remained constant over the course of the day since the CO,
emissions and temperatures measured showed a strong lin-
ear relationship. We then multiplied the potentially grubbed
area from the boar areas layer with the percentage grubbed

area from the disturbance inventory to estimate the area of
grubbed forest soil of the boar areas. The area of grubbed
forest soil was then multiplied by the average difference in
CO, emissions between the grubbed and the non-grubbed
plots and extrapolated to a yearly basis.

Results
Grubbing effects on soil properties

In these sandy loam soils, CO, emissions ranged from 0.06
to 0.52 g CO, m~2h~! on the grubbed plots and from 0.04
to 0.43 g CO, m > h™! on the non-grubbed plots between
June 2006 and June 2008. The rates were significantly
higher on the grubbed (average + SE for the entire time of
study: 0.30 £+ 0.04 g CO, m 2 h~') compared to the non-
grubbed plots (0.24 + 0.04 g CO, m~> h™") throughout the
entire time of measurement [no. of measurements taken
over time (time) = 15, r= —5.058, P < 0.001; Fig. 1a). On
average 0.06 gCO, m 2h~! or 23.1% more CO, was
released from grubbed plots during these 2 years of

Fig. 1 Soil CO, emissions, soil (a) 0.6 (b) 25
temperature and soil moisture
measured on grubbed and non- < 05 4 % +
grubbed plots between June o~ 201
2006 and June 2008: a soil CO, ‘e 04 1 T -3, e
emissions, b soil temperature, 2 - f e o
. . . T 0 t { - 5 154
¢ soil moisture. Data points S = 22
represent the average + SE of ER 031 =R
all the measurements made at the o £ o E 10
six grubbed and non-grubbed ~ 027 =
plots, respectively, during one 8 % &
sampling occasion (time) 3 0.1 51
between June 2006 and June @ L)
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measurement. We also found on average 0.075 g CO,
m~2h~! higher emissions on the freshly grubbed (winter/
spring 2007/2008) compared to the non-grubbed plots
between July 2008 and May 2009 (time =7, = —3.043,
P =0.003). Thus, regardless of the location within the site,
grubbing resulted in similar differences in CO, emissions
between the grubbed and non-grubbed plots.

Between June 2006 and June 2008 soil temperature
ranged from 4.1 to 17.5°C at all the sites, but did not sig-
nificantly differ between the grubbed (average 10.97 +
1.18°C) and the non-grubbed (10.87 & 1.17°C) plots
[time = 14 (one missing measurement due to a broken ther-
mometer), t=—0.815, P=0.416; Fig. 1b]. Soil moisture
ranged from 7.0 to 24.3% (14.1 & 0.72%) on the grubbed
and from 6.7 to 26.3% (14.9 &+ 0.72%) on the non-grubbed
plots. Soil moisture values were significantly lower for the
grubbed compared to non-grubbed plots [time = 14 (one
missing measurement due to broken TDR), t=2.078,
P =0.039; Fig. 1c].

Soil temperature and moisture were both highly
correlated at both the grubbed and the non-grubbed plots
with soil temperature having a negative effect on soil
moisture (grubbed, y=—1.105x + 26.238, ?=0.638,

df=13, F=21.124, P=0.001; non-grubbed, y = —1.154x +
27.479, r* = 0.630, df = 13, F = 20.439, P = 0.001, where x
is soil temperature and y soil moisture; Fig. 2a). When
plotting the residuals of these two models against soil CO,
emissions, it became evident that adding in both soil tem-
perature and moisture would not improve the model
(Fig. 2b). Since soil temperature likely is driving soil
moisture in the stands under study and not vice versa, we
analyzed the relationship between soil temperature and
soil CO, emissions. These variables showed a strong posi-
tive relationship for both the grubbed and the non-grubbed
plots (grubbed, y =0.032x — 0.037, *=0.894, df=13,
F =101.448, P < 0.001; non-grubbed, y = 0.030x — 0.082,
?=0.830, df =13, F =58.690, P <0.001; Fig. 2c). Soil
CO, emissions, soil temperature, and soil moisture all var-
ied significantly over the course of the study (P values
<0.001). Soil CO, emissions and temperature showed
higher values during the summer and lower values during
the winter months, while soil moisture showed the oppo-
site pattern (higher in winter, lower in summer). Because
our sites were sandy loam textured, the study plots were
never sufficiently saturated to result in anaerobic
conditions.

Fig. 2 Relationships between
soil CO, emissions, soil temper-
ature and soil moisture measured
on grubbed and non-grubbed
plots between June 2006 and
June 2008: a relationship
between soil temperature and
moisture, b relationship between
deviation from soil moisture-
temperature model and soil CO,
emissions, ¢ relationship
between soil temperature and
soil CO, emissions. All regres-
sions are linear. Data points Grubbed
——— Non-grubbed
represent the average & SE of 0 : .
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Fine root biomass in the top 45 cm of the mineral soil
averaged 0.006 +0.001 gcm™ soil (dry weight) for
grubbed plots in June 2006 and was significantly higher
than the 0.004 + 0.001 g cm™> soil we found in the non-
grubbed plots (df =5, t=4.27, P=0.007; Fig. 3a). After
2 years, fine root biomass was similar at the grubbed
(0.003 = 0.0003 g cm ™ soil) compared to the non-grubbed
plots (0.002 + 0.001 g cm 3 soil; df=5,t=0.39, P=0.39;
Fig. 3a). A similar pattern was found for microbial biomass
of the top 45 cm of the mineral soil: the values were signifi-
cantly higher on the grubbed compared to the non-grubbed
plots (df=5, t=3.10, P=0.03), averaging 822.6 +
94.2 mg C kg™! soil (grubbed) and 541.0 0.1 mg C kg™'
soil (non-grubbed), respectively, at the beginning of the
study in June 2006 (Fig. 3b). In June 2008 microbial bio-
mass at the grubbed plots (1,235.2 + 154.2 mg C kg™ soil)
was no longer significantly different from that at the non-
grubbed plots (841.5 4 86.7 mg C kg~! soil; df=5, t=
1.85, P = 0.12; Fig. 3b). Our findings indicate that grubbing
by wild boars had a long-lasting effect on soil CO, emis-
sions, significantly increasing the small-scale spatial heter-
ogeneity of this parameter. Fine root and microbial biomass
were only significantly higher after the initial grubbing
event. The reason for not finding significant differences in
these two parameters 2 years after the initial grubbing event
may be due to: (1) time since grubbing (incorporation of the
litter layer into the mineral soil long time ago), (2) within-
plot variability of both fine roots and microbial biomass,
and/or (3) the small number of replicate paired plots (1 = 6;
see also Fig. 3).

Extrapolation of the effects of boar grubbing on soil CO,
emissions

The percentage of disturbed forest soil averaged 53.8% in
2006 and 27.2% in 2008 at our sites. We used the 2006
values as maximum, the 2008 values as minimum and
average of both (40.5%) for our calculations, resulting in
three different disturbance scenarios. The total area of
Switzerland with densities of culled boars greater than ten
animals per 10 km? and covered by hardwood or mixed
hardwood forests was 410 km? (Fig. 4), which corre-
sponds to roughly 1% of Switzerland’s surface area.
Based on these assumptions, we calculated the quantity of
CO, released given the different disturbance conditions.
Assuming 53.8% of the area to be disturbed (maximum),
98,454.74 t of CO, per year in addition to the regular soil
CO, emissions would be released by grubbing. If we
assume 40.5% (average) of the forest soil to be disturbed,
then the additional emissions would amount to
740,92.91 t CO, year™!, whereas 49,731.10 t CO, year™!
would be released given the minimum percentage (27.2%)
of soil disturbance.
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Fig. 3 Fine root and microbial biomass on grubbed and non-grubbed
plots measured in June 2006 and June 2008 (n =6 for all graphs):
a fine root biomass for the top 45 cm of the mineral soil, b microbial

biomass for the top 45cm of the mineral soil. Data represent
averages = SEs of all sites

Discussion
Grubbing effects on soil CO, emissions

Our results showed that grubbing by wild boars had a long-
lasting effect on soil CO, emissions as we measured signifi-
cantly higher emission rates on the grubbed compared to
the non-grubbed plots throughout the study. We are not
aware of any other study that has measured the effects of
grubbing by wild boars or another omnivorous vertebrates
on soil CO, emissions. However, similar as grubbing by
boars, soil disturbance by pink-footed geese searching for
belowground plant parts early in the season was found to
have a strong effect on C dynamics in a tundra ecosystem
reducing both photosynthesis and ecosystem respiration
(van der Wal et al. 2007). Unfortunately, soil CO, emis-
sions were not measured in this study, making a compari-
son difficult.

Forest management practices (site preparation) that mix
the surface litter layer with the mineral soil also seem to
have a similar effect on soil CO, emissions as grubbing by
wild boars. For example, Mallik and Hu (1997) found over
50% higher soil CO, emissions on clear-cut plots when
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Fig. 4 Areas within Switzerland where on average (2003—2006) more
than ten boars have been culled per 10 km? and where the forest cover
type was classified as hardwood or mixed hardwood forest by the
Swiss Federal Statistical Office (2010). Excerpts show the northern-
and southernmost parts of Switzerland, where the model predictions
were highest

they mixed the soil to a depth of 20 cm compared to the
uncut control stands. Similarly, Pumpanen et al. (2004)
reported 20% higher soil CO, emissions from soils of clear-
cut coniferous stands where the mineral soil and litter layer
were mixed (mounding) compared to the clear-cut only
plots. In addition, they found 32% higher soil CO, emission
values on the clear-cut mounded plots compared to plots
established in uncut control stands. However, the studies
that assessed the effect of site preparation on soil CO, emis-
sions have looked at clear-cut sites. These sites would
likely respond somewhat differently than our sites grubbed
by boars where no clear-cutting occurred and forest cover
was maintained. Overall, the magnitude and seasonal vari-
ability of our soil CO, emission rates at the non-grubbed

@ Springer

plots lay within the ranges of what has been reported from
other hardwood forest ecosystems in Europe (e.g., Jonard
et al. 2007; Knohl et al. 2008).

We can think of three explanations for the differences in
CO, emissions that were detected between the grubbed and
non-grubbed plots in our study. Moldrup et al. (2004) mod-
eled soil gas diffusion as a function of air-filled porosity,
total porosity and macro-porosity and demonstrated that
drier soils have higher diffusion rates compared to wetter
soils. Thus, it is possible that the decrease in soil moisture
that we detected as a result of grubbing was directly respon-
sible for the increases in soil CO, emissions. It also has
been shown that a soil with decreased soil porosity, for
example as a result of soil compaction, has lower diffusion
rates than non-compacted soils (e.g., Conlin and van den
Driessche 2000; Shestak and Busse 2005). If the opposite
were true for soils that are “plowed”—i.e., that soils with
higher porosity have higher gas diffusion rates—then our
higher soil CO, fluxes observed within the grubbed plots
could also be related to increased soil porosity. A third
explanation for our results could be that higher auto- and
heterotrophic respiration, as a result of soil disturbance
(bioturbation), were responsible for our findings, which we
will discuss in detail in the following:

1. Grubbing by wild boars is known to incorporate the lit-
ter layer into the mineral soil (e.g., Singer et al. 1984;
Brownlow 1994), which increases the amount of C
available for the decomposer food web. Thus, soil
nutrient mobility, availability and mineralization rates
and the amount of roots and microbes could be
affected. Several studies have investigated soil C and
nutrient availability and/or mineralization on grubbed
and non-grubbed soil. They have found positive
(Singer etal. 1984), neutral (Groot Bruinderink and
Hazebroek 1996; Moody and Jones 2000; Cushman
et al. 2004; Mohr et al. 2005; Tierney and Cushman
2006) or negative (Mohr and Topp 2001) effects of
wild boar grubbing in oak/oak-beech forests and grass-
land ecosystems as well as positive effects of grizzly
bear digging on NH,*-N and NO;™-N availability in
subalpine meadows (Tardiff and Stanford 1998). Two
of the studies listed above also provided data on micro-
bial biomass (Mohr and Topp 2001; Mohr et al. 2005)
showing lower values for grubbed compared to non-
grubbed loamy soils of dry oak forests located in the
western part of Germany. Potential reasons for these
highly variable and in some cases contrasting results to
our own findings could be related to differences in eco-
system properties (e.g., soil physical, chemical and bio-
logical properties, vegetation type), boar densities, or
climatic conditions (air temperature, precipitation)
among the studies.
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2. Besides integrating the litter into the mineral soil and
increasing soil C available for microbes, grubbing by
wild boars could have led to higher microbial biomass
by decreasing the size of soil aggregates. Such
decreases have been shown to occur after tilling and
result in higher amounts of inter-aggregate unprotected
light fraction organic matter, which directly favors
microbial growth (Grandy and Robertson 2006a, b).
Similarly, Goebel et al. (2009) showed in a laboratory
trial with soils originating from both agricultural land
and forests that intact soil macro-aggregates released
less CO, than crushed material. Unfortunately, we
could not find any study that assessed how wild boars
or other animals affect soil aggregate size when grub-
bing. However, it is likely that they would have a simi-
lar effect to a tractor plowing the soil.

3. Root growth has been shown to be higher on soils with
lower bulk densities, compared to soils with higher
bulk densities (Siegel-Issem et al. 2005). Grubbing by
wild boars leads to decreases in soil bulk density
because of the mixing of litter with the mineral soil
(Singer etal. 1984) as we also found at our sites
(unpublished data). Such decreases in bulk density
could directly favor root growth. In addition, the
changes in bulk density could also alter the composi-
tion of the soil fauna. Such compositional changes
could affect root herbivory rates and therefore root
growth. Alternatively, alterations of the soil fauna
could affect the availability of soil nutrients and indi-
rectly change root growth. However, we are not aware
of any study that conducted such an investigation.
Microbial biomass, in contrast to root growth, has gen-
erally been suggested to be rather robust to changes in
soil bulk density (e.g., Shestak and Busse 2005, Busse
et al. 2006), thus microbial biomass probably was not
altered as a result of decreased bulk density due to
grubbing by wild boars.

4. Consumption of soil-inhabiting vertebrates and inverte-
brates by boars (e.g., Genov 1981; Fournier-Chambrillon
et al. 1995; Baubet et al. 2003) could affect the compo-
sition and abundance of root herbivores, bacterial
feeders, other soil animals or fungi and therefore alter
fine root and microbial biomass. For example, Mohr
et al. (2005) reported significantly lower numbers of
saprophagous and predatory soil arthropods as well as
isopods, while the species numbers of the Aranaea (spi-
ders) were not affected in plots subject to simulated
grubbing in oak stands in Germany. Mohr and Topp
(2001) found decreases in numbers of soil arthropods
where wild boars and red deer (Cervus elaphus L.) had
disturbed the soil. Similar to these results, wild pigs
inhabiting Hawaiian forests significantly reduced both
the abundance and biomass of soil micro-arthropods.

However, they had no effect on nematodes and larger
soil invertebrate animals (Vtorov 1993). Even though
there is strong evidence of shifts in the composition
and abundance of soil-inhabiting animals following
grubbing by large mammals, there is no information
available on how such changes affect soil microbial or
root biomass.

5. It is possible that wild boars deposit considerable
amounts of dung and urine while searching the soil for
forage. These additions of readily available nutrients to
the forest soil could result—at least temporarily—in
increased fine root and microbial biomass, and subse-
quent higher soil CO, emission rates where boars have
grubbed. Such increases in root and microbial biomass
have been studied in ecosystems where large herbi-
vores occur at high densities (e.g., Frank and Evans
1997; van der Wal et al. 2004). Whether the same
effects would be found in systems inhabited by wild
boars, which generally occur in much lower densities
compared to large herbivores, remains to be studied.

Based on all the evidence we found in the field we feel we
can confidently assume that boars did grub randomly in
the forests under study and that our randomly chosen
non-grubbed fenced plots were sufficient controls to be
compared with the respective grubbed plots. However, we
cannot rule out that some of the differences in soil or plant
properties that we measured already existed prior to grub-
bing. Unfortunately, such differences could not be
accounted for as it is not possible to predict where the boars
are going to grub and therefore “pre-treatment” sampling
was not possible.

Extrapolation of the effects of boar grubbing on soil CO,
emissions

The percentage of forest soil disturbance caused by wild
boars at our sites was approximately within the range
reported by other studies conducted in hardwood stands.
For example, Howe et al. (1981) found that roughly 80% of
the surface area was disturbed in a beech forest in Tennes-
see, USA and Welander (2000) reported boar rooting fre-
quencies ranging from 4% in dry soils to 75% in mesic soils
in deciduous forest stands in Sweden. In contrast, less than
10% of the surface area was disturbed by grubbing in a
montane rain forest in Hawaii, USA (Ralph and Maxwell
1984), or in Eucalyptus stands in Australia (Hone 1988).
When using the average percentage of freshly disturbed
forest soils measured in our stands together with the
approximation of boar densities and forest cover, we calcu-
lated that grubbing by wild boars would result in a release
of 49,731.10-98,454.74 t additional CO, per year in
Switzerland. These numbers likely underestimate the total
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effect boars have on forest soil CO, emissions as they nei-
ther account for patches that were grubbed in previous
years nor do they consider sites inhabited by fewer boars
compared to our sites. Overall, they only represent between
0.64 and 1.26% of the soil CO, emissions estimated for
Swiss hardwood and mixed-hardwood forest soils
(7,802,006.40 t CO, year) using our average soil CO, emis-
sion rate measured at the non-grubbed plots (0.24 g CO,
m2 h_l) and the estimated total of 3,711 km? Swiss hard-
wood/mixed hardwood forest soils based on the National
Forest Inventory (Brassel and Bréndli 1999). However,
even if we were able to include older grubbing events as
well as all boar-inhabited areas into our model, the contri-
bution of boars grubbing to the total amount of CO,
released from Swiss hardwood/mixed hardwood soils likely
would remain rather negligible given current population
sizes. Nevertheless, the contributions could increase if the
animals increase in population size and if they extend
their range within the country. To date they are confined to
the northern and southernmost parts of Switzerland (cf.
Hausser 1995) due to highways and mountain ranges that
act as barriers. Yet, the animals are expected to overcome
these obstacles eventually, thus, their impact on forest soil
CO, emissions might increase in the future. Nevertheless, it
also is possible that the C source-sink relationships of the
forests the boars inhabit will remain unaltered due to
increased tree growth on soils where they have grubbed.
For example, Lacki and Lancia (1986) reported a positive
relationship between shoot elongation of American beech
and the rooting of boars, which indicates that the amount of
C lost from the soil through grubbing could be neutralized
by increased photosynthetic uptake of CO, by the trees.
Further investigations will show whether this would be the
case at our study sites.
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