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Wild boar (Sus scrofa) has minor effects on soil nutrient and carbon dynamics
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ABSTRACT

Wild boar populations have increased worldwide, but the consequences of their disturbances on
boreal forest ecosystems are largely unknown. We investigated how wild boars affect soil pro-
cesses in a Swedish boreal forest. We estimated effects on ecosystem functioning using phospho-
lipid fatty acid analyses (PLFA) to characterise microbial groups, and by measuring soil respiration,
soil carbon (C), nitrogen (N) and phosphorus (P) concentrations, as well as the availability of NO3™
and NH,". We compared samples collected inside wild boar enclosures with adjacent reference
areas without wild boar disturbance. We found no difference in soil microbial composition, except
for a consistently higher fungi:bacteria ratio in the enclosures. These results are contrary to our
hypothesis that rooting raises nitrogen levels, which in turn result in more bacteria. Soil nutrient
levels showeq inconsistent patterns, suggesting that substrate ch_anges - as opposed to nuFrignt nutriments; carbone du sol;
changes - stimulated fungal growth. Soil respiration was lower in the enclosures, contradicting respiration du sol respiration;
earlier findings suggesting increased soil CO, emissions from wild boar rooting. Overall, our study AGPL

suggests that increased wild boar abundance has a minor impact on soil processes in boreal

forests. Future studies should determine if the modest impacts remain across time and boreal

forests.
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RESUME

Les populations de sanglier ont augmenté a I'échelle planétaire, mais les conséquences de leurs
perturbations sur les écosystémes forestiers boréaux sont peu connues. Nous avons évalué les
effets des sangliers sur les processus du sol dans une forét boréale en Suéde. Nous avons estimé les
effets sur le fonctionnement écosystémique en utilisant des analyses d’'acides gras phospholipidi-
ques (AGPL) pour caractériser les groupes microbiens, et en mesurant la respiration, le carbone (C),
I'azote (N) et le phosphore (P) du sol, ainsi que la disponibilité en NO;~ et NH,*. Nous avons
comparé des échantillons prélevés dans des enclos a sangliers et dans des sites témoins non
perturbés. Nous n'avons trouvé aucune différence de composition microbienne du sol, sauf un
rapport champignons/bactéries systématiquement plus élevé dans les enclos. Ces résultats vont a
I'encontre de notre hypothese selon laquelle la fouille du sol par les sangliers augmenterait la
concentration en azote, et par conséquent la quantité de bactéries. Les patrons irréguliers des
concentrations en nutriments du sol suggeérent que ce sont des changements de substrat — et non
des changements de nutriments — qui stimulent la croissance fongique. La respiration du sol était
plus faible dans les enclos, contrairement aux résultats d'études précédentes suggérant que la
fouille du sol par les sangliers augmenterait les émissions de CO,. Globalement, notre étude
suggere que l'augmentation d’abondance du sanglier a un effet mineur sur les processus du sol
en forét boréale. Des études supplémentaires sont requises afin de déterminer si ces effets
modestes sont persistants et s'ils sont observés dans d'autres foréts boréales.

Introduction o .
may vary even within a specific ecosystem (Kolstad et al.

Large animals can greatly alter ecosystem processes,
even to the point of causing complete shifts in habitat
type, e.g., from forest to grassland (Vazguez 2002). Wild
boars (Sus scrofa), for example, are readily re-colonizing
new environments, and populations are increasing in
many parts of the world (Jensen 2017). The ways that
large animals affect ecosystem functioning vary greatly,
and depend both on type and density of animal, and

2018; Leroux et al. 2020). Low fertility ecosystems, such
as boreal forests, are particularly sensitive to distur-
bances by animals due to their potential impact on soil
microbial activity and nitrogen (N) mineralization, which
in turn can aggravate the N limitation of these ecosys-
tems (Leroux et al. 2020). Although the ecosystem
effects of many herbivorous species are fairly well
known (Bernes et al. 2018), the effects of wild boars in
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northern climates (hemiboreal, boreal) are less known
due to the recent increase of their northern range edge
(Gray et al. 2020).

In Sweden, wild boars were reintroduced through
escapes and releases from enclosures in the 1970s after
being extirpated for several centuries. (Swedish
Environmental Protection Agency 2019). Since their rein-
troduction, the wild boar population has increased from
a few individuals to an estimated population of 300 000
in 2019, and now wild boars inhabit more than half of
Sweden (Svenska jagareférbundet 2018). Similar to
many large herbivores and omnivores, wild boars
increase nutrient availability through urine and faeces,
and change the species composition through selective
and intense foraging that can benefit less competitive
species (Mack and D’Antonio 1998; Liu et al. 2015).
However, due to their rooting behaviour, the wild boar
effects on ecosystem functioning will likely be different
from those inflicted by other ungulates. The rooting
behaviour has the potential to cause great changes to
the landscape they inhabit by reducing vegetation cover
and changing soil chemistry (Gray et al. 2020).
Consequently, expanding wild boar populations are con-
sidered problematic in many parts of the world (Barrios-
Garcia and Ballari 2012). To date, however, we have little
quantitative data on the degree to which the rapid
expansion of wild boars in boreal regions is affecting
ecosystem functions (Maaroufi et al. 2022).

Soil microbial activity is tightly linked to extracting
and transforming organic compounds into plant-
available nutrients, which will affect soil carbon (C) and
N stocks (Clemmensen et al. 2013). Changes in biomass
or composition of microbial communities may thus alter
ecosystem functions related to C and N dynamics
(Bardgett and Wardle 2010). Mechanical soil distur-
bances, such as tilling, are known to alter both the
biomass and composition of microbial communities,
and reduced fungal biomass and increased biomass of
bacteria, either in absolute or relative terms, appear to
be common responses to physical disturbance (e.g.,
Jackson et al. 2003; Allison et al. 2005). Further, mycor-
rhizal forming fungi appear to be more sensitive to
physical disturbance than saprophytic fungi (Allison
et al. 2005). Although mechanical disturbance like tilling
differs from rooting by wild boars, it seems likely that the
bioturbation (i.e., soil mixing) that the rooting imposes
can have important implications for microbial biomass
and community composition. In addition, the bioturba-
tion that wild boars generate can increase litter decom-
position and enhance mineralization rates (Gutiérrez and
Jones 2006), and could thereby potentially influence soil
processes such as C and N turnover. The expected higher
levels of available nutrients can increase the productivity
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of the system and, for example, may promote tree
growth in N limited systems such as boreal forests
(Sullivan et al. 2015).

The knowledge of wild boars’ effect on soil processes
stems mostly from studies conducted in temperate for-
ests or deserts (Lacki and Lancia 1986; Cuevas et al. 2012;
Liu et al. 2020), while studies from northern ecosystems
such as boreal forests are lacking. Previous studies on
wild boar presence have found mixed results on various
forest soil and plant responses (Lacki and Lancia 1986;
Cuevas et al. 2012; Liu et al. 2020). As boreal forest soils
are characterised by low bioturbation and have an
organic topsoil layer that is important for nutrient
cycling and carbon sequestration (Perry et al. 2008), it
is likely that the effects of wild boars’ rooting differ in
these ecosystems from those previously studied. In
Argentina, litter decomposition and soil bulk densities
were lower in rooted areas compared to unrooted areas,
while there was no difference in nutrient cycling or soil
nutrient stocks (Cuevas et al. 2012). Studies in deciduous
forests in Switzerland reported higher C and
N concentrations (but lower plant available N), higher
microbial biomass and a higher soil respiration rate in
rooted than in unrooted areas (Risch et al. 2010;
Wirthner et al. 2012). Recent estimates suggest that
rooting from wild boars in areas outside their native
distribution range generates CO, emissions of global
concern (O'Bryan et al. 2021). These estimates have,
however, been questioned (Don 2022), and more data
on the potential effects that wild boars may have on
C dynamics and productivity is needed.

Our objective was to estimate how wild boar may
impact ecosystem functioning by investigating how
wild boar influence C and nutrient dynamics in spruce
and pine-dominated boreal forests. Specifically, we
wanted to address whether wild boars (i) alter soil micro-
bial composition, nutrient dynamics, and/or C and
N stocks, and (ii) promote soil respiration. We expected
that wild boar disturbance would shift the microbial
composition towards a lower fungi:bacteria ratio leading
to faster organic soil turnover with higher levels of avail-
able nutrients, higher soil respiration, and less soil
carbon.

Methods
Study area and experimental design

Our study areas consist of two sampling areas within
wild boar enclosures (hereafter referred to as enclosures
A and B) and two reference areas (adjacent to the enclo-
sures) in south-east Sweden (N 59.856; E 18.091)
(Figure 1). The area has a mean annual temperature of
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Figure 1. Map of the study area with wild boar enclosures (filled circles) and reference areas (crossed circles) in a pine forest (green)
and spruce forest (blue). Black lines with white dots indicate the fences. A minor gravel road divides the pine forest enclosure from the

pine reference area.

~5°C, ranging from a monthly average of -4°C in
February to 15°C in July, and a mean annual precipita-
tion of ~600 mm (SMHI 2009). The soil consists of sandy
moraine and glacial clay.

We used a paired plot setup with two sampling
areas within wild boar enclosures (a Pinus sylvestris
and a Picea abies forest, hereafter pine and spruce
forest, respectively, as these are the predominant tree
species in boreal Fennoscandia), paired with two refer-
ence areas, making a total of four sample areas. The
two forests were established by planting after logging
and are homogenous and even-aged (pine ~32years;
spruce ~40 years). The enclosures - each with two wild
boars — were established in 2012. During a few periods
not longer than six months, the enclosures had no wild
boar. Although wild boars in the enclosures receive
some supplemental feeding, it has little effect on root-
ing because it is a natural part of their exploratory
behaviour (Jensen 2017). In each of the sampling
areas, we established five 10 x 10 m sampling plots.

To minimise the effect of site differences between
enclosures and references, we selected reference
areas that were similar to the enclosures in terms of
tree species composition, tree age, and tree stem den-
sity and diameter but without signs of rooting by wild
boar. Enclosure A has an area of 1.6 ha and is in a forest
dominated by Scots pine with a few subdominant
deciduous trees and an understory vegetation domi-
nated by Vaccinium spp., ferns and grasses. The mean
(+ standard deviation) stem diameter was 21+ 3.3 cm.
Four of our sampling plots were located in enclosure
A and a fifth sampling plot was located in an adjacent
2.5 ha enclosure within the same pine stand. The adja-
cent enclosure also had two wild boars since 2012 and
was included due to its similarities with the reference
area. The corresponding reference stand adjacent to
enclosure A, only divided by a road, was also domi-
nated by Scots pine with an understory dominated by
Vaccinium spp., ferns and grasses. The mean stem dia-
meter was 20 = 1.3 cm. Enclosure B has an area of 2.3



ha and is located in a spruce-dominated forest with the
understory consisting mainly of mosses, scattered ferns,
and a few herbaceous plants. The mean stem diameter
was 26 £ 0.7 cm. The enclosure fence cut through the
spruce forest and we used the area just outside the
fence as a reference, where there was an intact moss
layer with sparse ferns, grasses, and herbaceous plants.
The understory vegetation in both enclosures was
heavily reduced due to the wild boar disturbance, and
the soil was, in most places, bare or had only a very
sparse vegetation cover. While natural wild boar den-
sities are difficult to quantify (Swedish Environmental
Protection Agency 2019), the densities in these enclo-
sures are higher than what can be expected (1.25 and
0.87 wild boars ha™" in Enclosure A and Enclosure B,
respectively).

Soil samples

On the 21°tand 22" of September 2020, we collected 25
soil samples in each plot using a soil borer with
a diameter of 3 cm. Sampling locations within the plot
were semi-randomly chosen by blindfolded throwing of
a plastic stick, while at the same time ensuring that the
whole plot area was sampled. The minimum distance
between two sampling points was set to 0.5 m and we
never collected samples closer than 0.5 m to a tree. Due
to the clear stratification of boreal forest soils, and the
fact that different soil horizons differ in nutrient and
microbial activity (Tamm 1991; Berg and McClaugherty
2014), the soil samples were separated into two layers
during sampling. These layers were sampled to repre-
sent the topsoil (0-2 cm) and lower soil (2-5 cm). Soil
mixing caused by bild boar rooting eliminated the soil
horizons in the enclosures, making it challenging to
compare soil characteristics such as C stock between
reference sites and rooted sites. There is no easy way
to compare soils with different layering (Carter et al.
2007), and we used a fixed depth approach. This method
restricts interpretation to the upper portion of the soil
profile, where greatest impact of wild boar rooting is
expected. After collection, all topsoil and lower soil sam-
ples of each plot were pooled, resulting in one topsoil
and one lower soil layer for each plot, in both the refer-
ence and enclosure areas. The samples were placed in
sealed plastic bags and brought back to the lab, where
we homogenised each sample independently. Before
further analysis, the samples were freeze dried, sifted
through a 5 mm mesh to remove larger objects, and
then ground in a ball mill (Retsch PM 100 CM). The milled
samples were weighed for dry bulk density and used to
analyse proportion organic matter, total C, N, and phos-
phorus (P), as well as the microbial groups.
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Phospholipid fatty acid analysis

We used phospholipid fatty acid analysis (PLFA) to exam-
ine differences in microbial community composition and
to estimate the abundance of bacteria and fungi (Yao
et al. 2000; modified from Frostegard et al. 1991). Fatty
acids were extracted from 3 g of the dried soil samples
and analysed on an MS-GC (Agilent 5977A MSD). The
data was analysed using MSD Chem Station for the
relative concentrations of phospholipids. The amounts
of PLFAs were expressed as umol per gram dry soil. The
PLFAs representing bacteria used in this study were
pentadecanoate (15:0, i15:0, a15:0), hexadecanoate
(i16:0, 16:1 w9), heptadecanoate (17:0, i17:0, cy17:0),
and nonadecanoate (cy19:0), and the PLFA representing
fungi was octadecenoate (18:2 w6). Besides these, the
following general PLFAs not representing either bacteria
or fungi were tetradecanoate (14:0), hexadecanoate
(16:0) and octadecenoate (18:0). Due to inconsistencies
in identifying PLFA 16:1 w5 as either fungi or bacteria,
this too was identified as a general PLFA (Frostegard and
Baath 1996; Yao et al. 2000; Baath and Andersson 2003).

Soil respiration rate

In 2020, we measured soil respiration between 9 am and
4 pm during two consecutive days (one reference and
enclosure per day) each month between June and
September, and once again in November. We determined
five semi-random sampling points by throwing PVC-
collars in all directions of the plot and sampling where
the collar landed within each plot. Whenever a sampling
position ended up on a rock, a previously sampled point,
or where they were closer than 1 m to a tree, sampling
points were adjusted. Where vegetation was present, the
living vegetation was removed before placing the PVC-
collar (diameter=30cm; height=14.5cm; internal
volume = 10.2 dm?). The PVC-collar was carefully inserted
circa 1 cm into the soil to ensure an airtight seal between
the soil and the collar. To measure the CO, flux within the
chamber, we placed a lid equipped with a fan, a Vaisala
GM70 CO, probe and a Vaisala HM70 humidity probe on
the collar. The CO, flux within the chamber was mea-
sured every fifteen seconds for three minutes. After three
minutes, we measured the soil temperature and moisture
using a lab thermometer and a soil moisture probe
(Meter TEROS 12), respectively. Soil respiration rate (CO,
flux) was expressed as pmol per hour and m?.

Organic matter content

Organic matter concentration was measured through
loss on ignition (Hoogsteen et al. 2015). From each soil
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sample, approximately 15 g of dried soil was placed in
a Nabertherm muffle furnace at 550°C for 4 hours.
Organic matter concentration was calculated as the
weight lost divided by the initial weight.

Total C, N, and P

To measure Cand N concentrations, we used circa 15 mg
of the dried and homogenised soil samples and analysed
the samples in a Costech elemental combustion system
4010. Phosphorus concentrations were measured using
absorbance measurements of extracted soil total
P (Andersen 1976). For each plot, we calculated C,
N and P stocks (g m™) for the top 5cm of the soil,
using element concentrations and bulk density for the
two sampled soil layers. This measure includes the top
layer (2 cm) and 3 cm of the lower layer. We chose 5cm
as this was the minimum sample depth used in our
study.

Available nitrogen

To measure the relative differences in N availability
between plots, we used 10 cm? resin membranes. The
membranes were shaken at 40 rpm in a 0.5 M HCl solu-
tion for one hour and a 0.5 M NaHCO5 solution for five
hours, with the solution renewed every hour (https://Iter.
kbs.msu.edu/protocols/105; Qian and Schoenau 2005).
The membranes were kept moist, and on August 28,
they were buried a few centimetres under the soil sur-
face at a 45° angle. For each plot we buried five anion
and five cation membranes. The membranes were
retrieved from the field on the 21t and 22" of
September. We were able to relocate most of the mem-
branes (87%), but 26 resin membranes (18 in the refer-
ence areas and 8 in the enclosures) were not relocated.
After collection, the membranes were brought back to
the lab where they, after removing attached soil particles
with deionized water, were shaken at 40 rpm in 175 ml
of a 2 M KCl solution for one hour. The NO3~ concentra-
tion of the solution was measured using a Metrohm 883
Basic IC plus. To obtain the NH,* concentration, the
extract from the cation membranes was treated accord-
ing to Kempers and Zweers (2008) and then analysed
using a Perkin Elmer spectrometer. To receive the resin-
available concentrations of both NO;~ and NH,", the
following formula was used:

Cx D x KCl
AxRxT
Where C=the anions/cations (ug ml™") of ion chromato-

graph and absorbance measurements; D =the dilution
level of samples for the ion chromatograph; KCl=the

Resin availability =

amount of potassium chloride (ml) used to extract
anions/cations from resin membranes; A = the initial area
(cm?) of resins placed in the ground; R =the remaining
area (%) of resins after extraction from the ground; and T
=the time (days) that the resins stayed in the ground.

Statistical analyses

We treated each sampling plot as an independent sam-
ple (i.e., five replicates and N =20). A more conservative
interpretation would be that we only have two replicates
(two pairs, i.e,, N=4), and for each forest type (environ-
ment), only one replicate. We acknowledge that our
design is limited if we want to generalise our results to
a landscape level, but here we limit our evaluation to the
investigated area. Landscape manipulation in ecology is
challenging, and even if the statistical evaluation often
needs to be restricted in space, we believe that the
ecological interpretation is valuable (see Davies and
Gray (2015) for a discussion on pseudoreplication in
landscape ecology). We argue that samples within the
enclosures are independent, i.e., there is no spatial auto-
correlation. To test if the spatial distance between plots
influenced the results, we created a distance matrix
using the spatial distance in metres between every pair
of plots using the QGIS software and the Distance Matrix
tool (QGIS Development Team 2020). A distance matrix
was then created using the differences in the data
regarding response variables between every pair of
plots. No differences in the measured variables showed
correlations with spatial distances.

We tested the effects of wild boar enclosures, envir-
onment (dominating tree species), and soil layer (when
the response was sampled at two layers) on each of our
response variables (soil density, organic matter, nutrient
concentration, and stocks) with linear models. If soil
layer was included as an explanatory variable, we used
the R package Ime4 (Bates et al. 2015) to fit linear mixed-
models (LMMs) with plot as a random factor to account
for the within-plot dependence between top and lower
soil depth. Variance homogeneity and normality of resi-
duals were checked visually. Models were evaluated with
ANOVA (Type 2 test) using either the R package car (Fox
and Weisberg 2019) or the ImerTest package (Kuznetsova
et al. 2017) for LMMs.

To test whether the PLFA composition differed
between areas and soil layers, including potential inter-
action effects, we used the R package vegan (Oksanen
et al. 2020) to perform a multivariate analysis
(PERMANOVA, adonis2 function). In this analysis, we
used Euclidean distances, where the PLFA matrix was
the response and enclosure treatment (enclosure, refer-
ence), environment (pine, spruce forest), and soil depth
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(top, lower layer) were the explanatory variables. In addi-
tion, we fitted models to explore how nutrient and
carbon concentration correlated with PLFA composition.
A principal component analysis (PCA) was used to visua-
lize the distribution of the PLFA composition.

To test the effect of wild boars on soil respiration, soil
temperature, and soil moisture, we used LMMs with enclo-
sure, environment, and month as explanatory variables and
plot as a random factor. The respiration data was log-
transformed to achieve equal variance of the residuals.

All statistical analyses were conducted in R 4.1.2 (R
Core Team 2021). For descriptive analyses we used the
R package psych (Revelle 2020), and graphs were created
using the packages ggplot2 (Wickham 2016) and ggfor-
tify (Tang et al. 2016).

Results
Soil properties and nutrient concentrations

The enclosures had a 15% higher soil bulk density
(across lower and upper layer) than the reference areas
in the pine forest, while no difference was detected in
the spruce forest (environment x enclosure effect: F; 15 =
4.40, p = 0.05, Figure 2(a,b)). This pattern was driven by

1.51
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a higher bulk density in the top layer of the pine enclo-
sures (layer x enclosure effect: F; ;5 =5.05 p=0.04).
Enclosures and reference areas showed no difference in
organic matter content in the soil (enclosure effect: F; ;4
=0.03, p = 0.87) (Figure 2(c,d)) regardless of forest types
(environment x enclosure effect: F; ;5 = 1.13, p = 0.30) and
soil depth (layer x enclosure effect: F1,16 = 0.20, p = 0.66).

We did not detect effects of wild boar on soil C or
N concentration (mg g~') nor stock (g m™?) (p >0.48;
Figure S1; Figure 3). However, the pine enclosure had
a lower P concentration and stock than the reference
area, but no such difference was observed in the spruce
forest (environment x enclosure effect: p < 0.01). Absorbed
NOs;~ showed a strong interaction between the enclo-
sure treatment and the forest type (environment
x enclosure effect: F; ;5 =19.22, p<0.001) (Figure S2a).
In the pine forest, the enclosure had a lower NO;~ con-
centration than the reference areas (p=0.03). On the
other hand, in the spruce forest the enclosure had
a higher NO3;™ concentration than the reference areas
(p = 0.002). Absorbed NH,* was similar in enclosures and
reference areas (enclosure effect: F; ;5 =1.25 p=0.28)
(Figure S2b), regardless of the forest type (environment
x enclosure effect: F; ;5 =0.28, p = 0.60).
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Figure 2. Soil bulk density and soil organic matter content in the top (0-2cm) and lower (2-5cm) soil layer in reference and
enclosures pine (a, ¢) and spruce (b, d) forests. Error bars show standard error (n =5).
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PLFA

The PLFA composition was different between the top
and the lower layer (PERMANOVA, layer effect: R® = 0.20,
p =0.0002), but as the layer effect was consistent across
treatments, we pooled the two soil layers prior to further
analyses. Enclosures and reference areas had a similar

PLFA composition (PERMANOVA, enclosure effect: R? =
0.02, p=0.60) (Figure 4), but showed clear differences
between the pine and spruce forests (PERMANOVA, envir-
onment effect: R =0.28, p=0.004). Including nutrients
and C concentration as predictor variables, one variable
at a time, did not reveal an enclosure effect, but showed
that these factors strongly influenced the PLFA



ECOSCIENCE 91

0501 @ 0501 ®
0.251 A 0.251
o A
| -}
5 a 9
& 0.004 N & 0001
. - ”

s . S
N N
9 0251 o Q -0.25-

0.50 1 -0.50

O Pine & Spruce
Reference |[® Enclosure
-0.75+ - - - - -0.75+ : : . -
-0.3 0.0 0.3 06 -03 0.0 0.3 0.6

PC1 (70.32%)

PC1 (70.32%)
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composition, explaining up to 45% of the variation
(Table 1). Testing individual PLFAs did not reveal any
clear differences between enclosures and reference
areas (all p>0.10). The total PLFA concentration was
not found to differ between enclosures and reference
areas (enclosure effect: F; ;5 =0.18, p=0.68) (Figure 5(a,
b)), but the concentration was about 22% higher in the
spruce forest (environment effect: F; ;s =6.15, p=0.03)
compared to the pine forests, and 27% higher in the top
soil layer (layer effect: F; 16 =49.6, p < 0.0001) compared
to the lower soil layer. We detected a higher fungi:bac-
teria ratio in the enclosures than in the reference areas
(enclosure effect: F; ;5 =5.28, p = 0.04) (Figure 5(c,d)) and
these effects were consistent across soil depths and
forest types (all p > 0.16). The ratio was generally lower
in the lower soil layer, which was driven by particularly

Table 1. PERMANOVA results showing explained variation (R?) of
soil PLFA composition by experimental variables, soil nutrients
and carbon concentrations. The first model shows the experi-
mental factors while models 2-7 show the explanatory power of
measured soil nutrients or soil carbon. In the second set of
models the enclosure effect was similar to the effect in the
first model and not shown here. The terms in the models are
tested sequentially.

Variable R? p

Model 1
Environment 0.28 <0.01
Enclosure 0.02 0.59
Environment x Enclosure 0.08 0.13

Model 2-7

~ variable+Enclosure 0.19 0.02
C:N ratio
C 0.45 <.01
N 0.46 <.01
P 0.38 <.01
NO; 0.23 <.01
NH,* 0.19 .02

low values in the spruce forests (environment x layer
effect: F; ;6 =19.8, p=10.0001).

Soil temperature, moisture and respiration

Overall, the wild boars had limited impact on soil tem-
perature and moisture. Soil temperature was somewhat
higher in the enclosures during the summer months
June - August and slightly lower in November (enclosure
x month effect: Fy633 =53.59, p<0.001) (Figure 6(a)).
These results between environments were not consis-
tent over time (enclosure x month x environment effect:
F4633 =10.99, p <0.001), but this effect was small and
did not change the overall pattern of how the treatment
effect varied over the season. Soil moisture was on aver-
age consistently higher in the enclosures than the refer-
ence areas, but the effect was small and not statistically
significant (enclosure effect: F;;6 =2.16, p=0.16)
(Figure 6(b)), even between months. (enclosure x month
effect: F34¢ =1.12, p=0.35) and forest types (environ-
ment x enclosure effect: F1,16 = 0.00, p = 0.97). The soil in
the spruce forest was moister than the soil in the pine
forest (F; ;5 =11.65, p=0.004).

The respiration rate across the measuring period was
24% lower (enclosure effect: F;;6=7.46, p=0.01) in the
enclosures than in the reference areas, with the greatest
difference in September (-36%) and the smallest in June
(-9%) (Figure 6(c)). These results were consistent
throughout all months (month x enclosure effect: F4 464
=1.86, p=0.12) and for both forest types (environment
x enclosure effect: F; ;5 =0.28, p = 0.60).

In general, soil temperature was negatively correlated
with respiration (most notably in August: r=-0.37, p <
0.01) except in November where soil temperature was
strongly positively correlated with respiration (r=0.57, p
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< 0.07). Soil moisture had a less clear correlation with
respiration, with the greatest correlation in August (r=
0.24, p = 0.016). Removing the effect of differences in soil
temperature and soil moisture on soil respiration
increased the support for a lower respiration in the
enclosures (enclosure effect: p = 0.07 and p = 0.09, respec-
tively). In September, when soil samples were collected
for analysis, the total PLFA concentration was not corre-
lated with respiration (r=0.02, p =0.24). However, the
fungi:bacteria ratio was clearly negatively correlated
with the respiration (r =-0.46, p = 0.04).

Discussion

Large animals can affect ecosystems in many ways. The
rooting behaviour of wild boars presents a unique dis-
turbance among ungulates, which can potentially alter
important soil processes. Despite the apparent distur-
bance that the rooting imposed, we showed that many
soil characteristics and processes did not differ between
enclosures and reference sites, or the difference was
small. Overall, our results were inconsistent with our
expectations that wild boars would promote organic

soil turnover, result in higher nutrient availability, bac-
teria abundance, and soil respiration, which raises new
questions regarding how wild boars may influence forest
ecosystem functioning.

Soil nutrients and microbial biomass

Soil nitrogen stocks were similar in enclosure and refer-
ence areas, while phosphorus was lower inside the pine
enclosures. This indicates that the N and P added to the
enclosures through occasional supplementary feeding
did not result in an overall accumulation of nutrients
inside the enclosures. Furthermore, wild boar had no
consistent effect on nitrogen availability (NO3~, NH,"),
which contrasts earlier studies from tropical, temperate
and desert ecosystems that reported higher N and NH,*
concentrations in wild boar rooted areas than in
unrooted areas (Siemann et al. 2009; Cuevas et al.
2012; Wirthner et al. 2012; Long et al. 2017). Higher
nutrient availability is often ascribed to increased micro-
bial activity after soil disturbance (e.g., Siemann et al.
2009; Wirthner et al. 2012). In our study, however, we
found neither positive effects on microbial biomass
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(here, total PLFA:s), nor positive effects on soil respira-
tion rate in the heavily disturbed soils in the enclosures,
which indicate lower microbial activity and may poten-
tially explain the lack of response in nutrient availability.
Further, we found no shift in phospholipid fatty acid
(PLFA) composition following disturbance by wild
boars, which indicates that despite the severe soil dis-
turbance, there was no major shift in the composition of
microbial groups. The overall minor change in the PLFA
composition was unexpected, as microbial communities
often respond to disturbances through a shift in compo-
sition or change in abundance (Allison and Martiny
2008). For example, moulds and yeast fungi are
expected to increase together with bacteria during soil
mixing (Lindahl et al. 2010; Sterkenburg et al. 2015).
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Such an increase in fungi is likely the reason behind
the detected minor increase in fungi:bacteria ratio across
forest types and soil depths. This is in contrast with our
hypothesised decrease of the fungi:bacteria ratio, which
was based on our prediction that rooting would increase
nutrient availability and, consequently, bacteria abun-
dance (Wang et al. 2019). Higher nitrogen availability
due to rooting has been reported in previous studies in
non-boreal systems (Siemann et al. 2009; Cuevas et al.
2012; Wirthner et al. 2012; Long et al. 2017), and it is
possible that boreal systems react differently due to the
importance of fungi in this ecosystem (Lindahl et al.
2007). Alternatively, there is a pulse of increased nutri-
ents that is associated with microbial changes immedi-
ately after rooting that declines over time, which is
similar to other disturbances in boreal forests where
nutrient availability is known to increase (Lindahl et al.
2010). Our study did not measure nutrients or PLFA
immediately after rooting, and studies following the
succession after rooting are needed.

Instead of wild boar presence being an important
driver of the PLFA composition, we found that nitrogen
concentration explained the PLFA composition well.
Several studies have found that differences in
N concentrations affect the microbial community (Gallo
et al. 2004; Demoling et al. 2008; Liu et al. 2013). Possibly,
the similarities between the areas inside and outside the
enclosures regarding N content explain the similarities in
microbial communities.

Do wild boars increase soil respiration?

In contrast to our expectations, we found lower soil
respiration rates inside the wild boar enclosures than
outside. Thus, our results contrast with studies con-
ducted in deciduous forests in China and Switzerland
(Risch et al. 2010; Liu et al. 2020), and in a salt marsh in
the USA (Persico et al. 2017), which all report greater soil
respiration due to wild boar rooting. One study, like ours,
reported lower soil respiration under wild boar rooting,
but it investigated a desert habitat that has little in
common with boreal forests (Cuevas et al. 2012). These
previous studies were also the basis for a synthesis that
predicted potentially large global CO, emissions due to
soil damage caused by wild boars (O’Bryan et al. 2021).
Our results clearly demonstrate that the effects of wild
boars are less consistent than previously believed, and
highlight the need for additional studies that could clar-
ify the influence wild boar on soil processes and their
context dependency, before conclusions regarding wild
boar impact on soil carbon can be made at a global
scale.
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There are many proposed mechanisms for how wild
boar rooting can alter soil respiration. Risch et al. (2010)
and Cuevas et al. (2012) suggested that rooting affects
soil moisture, which is known to influence soil respira-
tion. This is similar to the idea put forward by Long et al.
(2017) that rooting leads to increased soil bulk density,
which often means wetter and less aerated soil.
However, Liu et al. (2020) found no differences in soil
moisture content between areas with and without wild
boars, but reported differences in soil respiration. We
found small differences in soil bulk density and moisture
between enclosures and reference areas, but the corre-
lation between moisture and soil respiration was weak.
Risch et al. (2010) and Liu et al. (2020) discuss another
possible mechanism related to the mixing of the soil
layers. Mixing should increase the substrate available
for soil microorganisms, resulting in an increased soil
respiration rate. This mechanism may contribute to
a respiration pulse directly after wild boar rooting.
Although we might have missed such a respiration
peak as we measured respiration in areas that had
been disturbed for a long period, and currently had
very sparse ground vegetation, we did not observe any
change in soil carbon stock despite eight years of wild
boar disturbance. This is in line with other wild boar
studies (Long et al. 2017; Liu et al. 2020) and soil mixing
studies (Don et al. 2019), and does not support recent
claims that wild boar presence will decrease soil carbon
stock (O'Bryan et al. 2021).

It is also possible that wild boar soil damage affects
root respiration (i.e., autotrophic) and heterotrophic
respiration differently. In a boreal forest, root respiration
can account for>50% of the total soil respiration
(Hogberg et al. 2001), and our finding that wild boar
enclosures produced lower respiration rates could be
the result of changes in root respiration while hetero-
trophic respiration remained unaffected. The low cover
of ground vegetation in the wild boar enclosures may
have potentially contributed to the lower soil respira-
tion, but it is unlikely the main driver of the lower
respiration rates in our study as the result was consistent
also in the spruce forest, which had very sparse ground
vegetation both inside and outside the enclosure.

In conclusion, we showed that despite high popu-
lation densities, wild boars can have a limited impact
on boreal soil carbon stock, respiration, and microbial
community structure (e.g., fungi:bacteria).
Interestingly, the fungi:bacteria ratio decreased in
rooted areas, which is in contrast with the idea that
wild boar rooting increases nutrient availability. Our
results were consistent across both a pine and
a spruce dominated forest. Although this study used
enclosures, and should be interpreted cautiously as we

only investigated two stands, the results do not sup-
port previous reports on increased carbon losses from
soil rooted by wild boar. The generality of these
effects needs further investigations that test the
effects of wild boars under natural population densi-
ties and across a broader range of boreal forests and
regions.
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