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Abstract 

Wild boars (Sus scrofa) have increased rapidly in population size and home range since their 

reintroduction to the Swedish fauna. Through their rooting behaviour, the boars can cause great 

disturbance to the ecosystem. The consequences of this disturbance have been recorded in many 

parts of the world but the effects they have on boreal forest ecosystems have been less studied. 

In this study I examined to what extent wild boars affect (i) the soil microbial community, (ii) 

the soil respiration, (iii) the soil C and nutrient content, as well as (iv) the growth of trees in a 

boreal forest in central Sweden. Enclosures that have harboured wild boars for seven years were 

compared with nearby areas without wild boars in both a pine forest and a spruce forest. Using 

phospholipid fatty acid (PLFA) analyses, the soil microbial biomass, community, and 

fungi:bacteria ratio were investigated in the treatments. The soil respiration was measured 

monthly from June to November. The total soil concentrations of C, N and P were examined as 

well as the availability of N in the form of NO3
- and NH4

+. Tree growth was measured by 

measuring tree ring width and comparisons were made by looking at the relative ring width of 

tree cores before and after the introduction of wild boars. I found that the soil microbial 

community did generally not differ between the treatments, except for a higher fungi:bacteria 

ratio within the enclosures. Soil respiration was consistently lower in the enclosures throughout 

all months. Soil nutrient levels were similar between the treatments except for a slightly lower 

total P content and NO3
- content in the pine forest enclosure. Lastly, the tree growth was 

severely decreased by the presence of wild boars. In summary my study suggests that an 

increase of the wild boar population in boreal forests may have a minor impact on many soil 

processes, while tree growth can be hampered. However, studies in natural ecosystems are 

needed to investigate this effect further.
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Introduction 

Wild boars (Sus scrofa) are generally good at adapting to new environments and are naturally 

fast at spreading out and increasing in numbers. Patterns of this fast increase have been seen in 

several parts of the world ranging from Asia to America (Jensen 2017). In Sweden, wild boars 

were extirpated from the wild in the 18th century due to hunting, but the species has returned 

through escapes and/or releases from enclosures in the 1970’s (Swedish Environmental 

Protection Agency 2019). Since the reintroduction, the wild boars have increased from a few 

individuals to an estimated population of 300 000 in 2019. The species’ range throughout the 

country is still increasing and went from inhabiting 31% of the country’s area in 2009 to 53% 

in 2017 (Svenska Jägarförbundet 2018). The spread of the species has not gone unnoticed for 

farmers. Through trampling and rooting as well as the consumption of crops, the financial loss 

due to wild boar damage in 2015 was more than a billion SEK for Swedish farmers (Jensen 

2017). Also, a growing wild boar population in Sweden has caused an almost tenfold increase 

in traffic accidents involving wild boars between 2003 and 2018 (Gren et al. 2019). 

Management through an increased hunting pressure, of approximately 110 000 hunted 

individuals each year, has slowed the increasing population but not the expansion of its range. 

This rapid return of the wild boars likely causes great effects on the natural ecosystems they 

now inhabit but how and to which extent is unclear. 

The introduction or increase of large animals can greatly alter ecosystems, even to the 

point of changing it entirely, e.g. from forest to grassland (Vazguez 2002). However, how the 

animal affects the ecosystem varies greatly and may be different between different species and 

ecosystems. For example, grazing of herbivores may increase plant biodiversity by exerting 

high grazing pressure on dominant species, thus alleviating less competitive species (Liu et al. 

2015). It may also reduce plant biodiversity as some species may be reduced or extirpated 

entirely (Rambo & Faeth 1999). Furthermore, the pressure of animal disturbances may 

influence individual plants to alter their nutrient allocation. This may increase the plant biomass 

through compensatory growth, but it may also decrease plant biomass through direct damaging 

disturbance (Hobbs 1996). Nutrient cycling processes may be altered in similar ways. Through 

direct inputs of decomposable nutrients in the form of urine and faeces, the animals may 

increase the nutrient availability. However, through altered litter quality they may also cause a 

decrease of nutrient availability (Wardle et al. 2001; Hobbs 1996). Lastly, lower trophic levels 

may be greatly affected by the presence of a large animals but with ambiguous effects regarding 

community structure, microbial biomass, and basal respiration (Wardle et al. 2001; Mack & 

D’Antonio 1998). 

Low fertility ecosystems, such as boreal forests, may be among the most vulnerable to 

effects of animal disturbance (Leroux et al. 2020). Even within the ecosystem, the effects of 

animal disturbance on vegetation and soils are variable (Leroux et al. 2020; Kolstad et al. 2018). 

While the effects of many herbivorous species have been studied in boreal forests, little is 

known of the wild boars and the effect of their unique disturbance on these ecosystems. Some 

studies have been conducted regarding the wild boars’ effect on soil processes in other 

ecosystems such as deciduous oak forests and deserts (Liu et al. 2020; Cuevas et al. 2012). But 

with somewhat contradictory results, coupled with the fact that foraging disturbances may have 

very different effects in different ecosystems (Coblentz 1978), it is difficult to extrapolate these 

to a boreal forest. As boreal forests make up most of the Swedish landscape (Olsson 2010), the 

effect of an increasing wild boar population on these is certainly interesting for ecological, 

conservational, and industrial purposes. 
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While wild boars likely affect an ecosystem in similar ways as other ungulates, through 

direct nutritional inputs in the form of urine and faeces, selective and intense foraging as well 

as mechanical damage to plants (Mack & D’Antonio 1998), they also present a unique 

disturbance in their rooting behaviour. In search of vegetative parts, roots, and invertebrate 

fauna, they root through soil (Massei et al. 1997). They require at least some portion of their 

foraging to be of high-energy food and they can root through extensive areas to find what they 

are searching for. Even when food is abundant, the wild boar will continue its rooting behaviour 

to explore the resources of the nearby area (Jensen 2017). The wild boars’ rooting behaviour 

have the potential to cause great changes to the landscape they inhabit. It can lead to an 

alteration of vegetation species compositions as well as an almost complete disappearance of 

ground vegetation cover and, through this, increased soil erosion (Bratton 1974). Through their 

rooting behaviour, they likely cause a great disturbance to soil processes. Soil processes such 

as the soil microbial activity is one of the main factors in transforming organic compounds into 

plant-available nutrients (Camenzind et al. 2018). Thus, understanding the effects that rooting 

has on these processes is of importance to understand the role that wild boars play in an 

ecosystem. 

The wild boar population seems to be here to stay and, if hunting or predation pressure 

does not increase, it may come to increase and spread further. Because of this, it is crucial to 

know how the species affects the boreal forests and their ecological processes. Specifically, this 

study aims to answer if wild boars (i) alter the soil microbial composition, (ii) affect soil 

respiration, (iii) alter soil nutrient cycling processes and/or stocks and (iv) affect tree growth in 

a boreal forest. 

 

Methods 

Study area 

The study areas consist of two wild boar enclosures and two reference areas in Almunge, 

Sweden (N 59.856, E 18.091) (figure 1). The area has a mean annual temperature of ~5 °C, 

ranging from a monthly average of -4 °C in February to 15 °C in July, and a mean annual 

precipitation of ~700 mm (SMHI 2009). The first enclosure is 1.6 ha and based in a pine forest 

(Pinus sylvestris) with few deciduous trees and an understory vegetation dominated by 

Vaccinum spp, ferns and grasses. Most pines in the studied area were roughly 30 years old with 

a diameter of ~20 cm. The second enclosure is 2.5 ha and based in a spruce forest (Picea abies) 

with the understory consisting mainly of mosses, some ferns and very few herbaceous plants. 

The spruces were around 40 years old and had diameters of roughly 26 cm. The understory 

vegetation within both enclosures was heavily reduced and the soil was, in most places, bare. 

The two enclosures have been active since 2012 and constantly harbour two wild boars. 

Experimental design 

A paired plot setup was used with five plots of approximately 10x10m inside each enclosure 

and two control areas nearby. Enclosures in both a pine forest and a spruce forest were chosen 

to investigate a wider range of forest habitats. To ensure that the wild boar effect was studied 

without interference of differences in forest characteristics, the plots were chosen based on 

similarities regarding characteristics such as species, age, and density of trees between the 

enclosures and control areas. 
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Figure 1. Map of the study area with wild boar enclosures (green) and control areas 

(blue) in a pine forest (full) and spruce forest (striped). 

 

Soil samples 

Twenty-five soil samples were collected during the 21-22nd September in each plot using a soil 

borer with a diameter of 3 cm. They were gathered from random locations within the plot, 

chosen by throwing a rock over the shoulder and sampling where it landed. As horizons of 

boreal forest soils differ in nutrient and microbial activity (Heinonsalo et al. 2001), the samples 

were separated into a topsoil layer of 2 cm and a lower soil layer of 5-10 cm. Each layer was 

mixed and homogenised independently and weighed for wet density measures. Before analysis, 

the samples were freeze dried using an Edwards minifast 680, ground and sifted through a 5 

mm mesh, as well as weighed again for dry density measures. The soil samples were then used 

to analyse the proportional organic matter, total C, N and P, as well as the microbial community. 

Phospholipid fatty acid analysis 

To examine the microbial community, as well as to estimate abundances of bacteria and fungi, 

phospholipid fatty acid (PLFA) analysis was used (Yao et al. 2000 method modified from 

Frostegård et al. 1991). Fatty acids from 3 g of the dried soil samples were extracted using 15 

ml reagent mixture of citrate buffer, chloroform and methanol (0.211 : 0.263 : 0.526). The 

samples were centrifuged at 4000 rpm for 10 minutes, and the supernatant was then poured 

from the soil and treated with 4 ml citrate buffer and 4 ml chloroform. After separation of 

phases, 4.5 ml of the lower phase was transferred to a vial and evaporated. The remaining 
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sample of the vials were transferred to SPE columns using 300 µl chloroform and then cleaned 

from neutral- and glycolipids using 1.4 ml chloroform and 4.5 ml acetone. The phospholipids 

were retrieved from the SPE columns using 3 ml methanol and then evaporated again. 50 µl of 

nonadecanoate (19:0) internal standard was added to the samples to enable estimation of PLFA 

concentrations. For methylation of the PLFA:s, the following chemicals were added to the 

samples: 0.2 ml methanol:toluene mix (1:1); 0.2 ml 0.2 M potassium hydroxide in methanol 

(1.12 g potassium hydroxide : 100 ml methanol); 0.4 ml hexane:chloroform mix (4:1); 0.06 ml 

1 M acetic acid; and 0.4 ml MQ. The samples were then centrifuged at 1600 rpm for 3 minutes 

and the upper phase transferred to a glass vial and evaporated. Finally, 100 µl hexane was 

vortexed with the sample and analysed in an Agilent 5977A MSD. The data was analysed using 

MSD Chem Station for relative concentrations of phospholipids. The amounts of phospholipids 

per g were calculated using the following formula: 

𝜇𝑚𝑜𝑙 𝑔−1 =  
𝑃𝐿

𝑁𝑐
∗  

𝑁𝑔

𝑆
∗

1

𝑁𝑚𝑤
∗

1

𝐹1
∗

1

𝐹2
 

Where PL = the phospholipid relative concentration as given by the gas chromatography 

analysis; Nc = the internal standard (methyl nonadecanoate) concentration as given by the gas 

chromatography analysis; Ng = the weight (g) of the internal standard added to the sample; S 

= the weight (g) of the soil sample; Nmw = the molar weight of the internal standard (~312.5 g 

mol-1); F1 = fraction of supernatant retrieved (~0.8); and F2 = fraction of sample retrieved 

from the lower phase (~0.57). 

The PLFA:s representing bacteria used in this study were: pentadecanoate (15:0, i15:0, 

a15:0), hexadecanoate (i16:0, 16:1ω9), heptadecanoate (17:0, i17:0, cy17:0), and 

nonadecanoate (cy19:0). The only PLFA representing fungi in this study was octadecenoate 

(18:2ω6). Besides these, the following general PLFA:s not representing either bacteria or fungi 

were: tetradecanoate (14:0), hexadecanoate (16:0) and octadecenoate (18:0). Due to 

inconsistencies in identifying the PLFA 16:1ω5 as either fungi or bacteria, this too was 

identified as a general PLFA (Bååth & Andersson 2003; Yao et al. 2000; Olsson et al. 1997; 

Frostegård & Bååth 1996). 

Soil respiration 

Respiration measurements took place between 9 am and 4 pm during two consecutive days each 

month from June through September and November. Five sampling points within each plot 

were chosen randomly by throwing PVC-collars and sampling where they landed. The sampling 

points were moved whenever they landed on a rock, a previously sampled point or where they 

were closer than 1 m to a tree. Where vegetation was present, the top layer was removed to 

expose the soil before placing PVC-collars with a volume of approximately 5900 cm3 onto the 

soil. A lid equipped with a fan, a Vaisala GM70 CO2 probe and a Vaisala HM70 humidity probe 

was placed on the collar to measure the CO2 flux within the collar every fifteen seconds for 

three minutes. All CO2 measurements in the field were collected with a Vaisala MI70. After the 

three minutes of CO2 measurements, the soil temperature and moisture were measured using a 

lab thermometer and a soil moisture probe (PROCHECK handheld reader), respectively. CO2 

flux in μmol per hour and m2 was calculated using the following formula: 

𝜇𝑚𝑜𝑙 𝐶𝑂2 ℎ−1 𝑚−2 =  
𝑋 ∗ 𝑉 ∗ 44.01 ∗ 𝑝

ℎ ∗ 8.314 ∗ 𝑇 ∗ 𝑚2
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Where X = the change in ppm CO2 over the duration of measurement; V = the volume (m3) of 

the PVC-collar reduced by the inserted probes; 44.01 = the molar mass of CO2; p = pressure 

(Pa); h = duration of sampling; 8.314 = gas constant; and T = temperature (°C). 

Organic matter content 

Organic matter concentration was measured through loss on ignition (Hoogsteen et al. 2015). 

From each soil 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 & P 

To measure C and N concentrations I weighed in ca 15 mg of the dried and homogenised soil 

samples in a Costech elemental combustion system 4010. P concentrations were measured 

using absorbance measurements of extracted soil P (Andersen 1976). In short, 250 mg of dried 

soil was treated with 20 ml of 1 M HCl and heated in boiling water for 15 minutes. After 

sedimentation, 1 ml of the sample was diluted with 9 ml deionized water and a reagent mixture 

containing sulphuric acid, ammonium molybdate, ascorbic acid and potassium tartrate (0.5 : 

0.15 : 0.3 : 0.5). Finally, a Perkin Elmer spectrometer was used, and the P concentrations were 

calculated using the following formula: 

𝑃 =
100 ∗ 250 ∗ 𝐶𝑐 ∗ 𝐶𝑚𝑙(𝑆𝑎 − 𝐵𝑎𝑐 − 𝐵)

1000 ∗ 𝑆𝑚𝑔(𝐶𝑎 − 𝐵)
 

Where P = the P (%) in the soil samples; Cc = the P (%) of the calibration sample; Cml = the 

volume (ml) of calibration sample added; Sa = the absorbance of each sample at 882 nm; Bac 

= the absorbance of the blank sample containing 1 ml of the 1M HCl; B = the absorbance of 

the blank sample containing 10 ml deionized water and 2 ml of the reagent mixture; Smg = the 

weight (mg) of the soil sample; and Ca = the absorbance of the calibration sample. 

To gain a per m2 stock of the C, N and P nutrients, the soil concentration data from the 

topsoil layer (2 cm) and 3 cm of the lower soil was extrapolated to an area using the density 

data and the following formula: 

𝑋 =  (𝐶 ∗ 𝐷 ∗ 𝑉)𝑡 + (𝐶 ∗ 𝐷 ∗ 𝑉)𝑙 

Where X = soil nutrient stock (g m-2); C = nutrient concentration (%); D = soil density (g cm-

3); V = soil volume (cm3); t = topsoil; and l = lower soil. 

Available N 

To measure relative differences in N availability between plots, I used resin membranes (Qian 

& Schoenau 1994). The membranes were shaken at 40 rpm in a 0.5 M HCl solution for one 

hour and a 0.5 M NaHCO3 solution for five hours, with the solution renewed every hour. The 

membranes were then taken to the field on the 28th of August in Ziplock bags moisturized with 

MQ and dug into the soil at a depth of approximately 10 cm. In total, five anion membranes 

and five cation membranes were used in every plot. During the 21-22nd of September, the 

membranes were retrieved from the field (with a total loss of 26 resin membranes due to 

disappearances in the field). All visible particles were removed with deionized water and the 

membranes were shaken at 40 rpm in 175 ml of a 2 M KCl solution for one hour. To obtain the 
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NO3
- concentration, the solution extracted from the anion membranes was filtered and diluted 

with MQ (1 : 20) and analysed using a Metrohm 883 Basic IC plus. The data was then analysed 

using MagiC Net 3.3. To obtain the NH4
+ concentration, the extract from the cation membranes 

was filtered and treated with 0.9 ml of a reagent mixture containing sodium salicylate, sodium 

citrate and NaOH as well as 0.1 ml hypochlorite to a sample fraction of 4 ml (Kempers & 

Zweers 2008). The mixture was then analysed using a Perkin Elmer spectrometer. To receive 

the resin-available concentrations of both the NO3
- and NH4

+, the following formula was used: 

𝑅𝑒𝑠𝑖𝑛 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐶 ∗ 𝐷 ∗ 𝐾𝐶𝑙

𝐴 ∗ 𝑅 ∗ 𝑇
 

Where C = the anions/cations (µg ml-1) of ion chromatograph and absorbance measurements; 

D = the dilution level of samples for the ion chromatograph; KCl = the amount of potassium 

chloride (ml) used to extract anions/cations from resin membranes; A = the initial area (cm2) 

of resins placed in ground; R = the remaining area (%) of resins after extraction from ground; 

and T = the time (days) that the resins stayed in the ground. 

Tree ring analysis 

Tree growth was investigated by examining tree rings. During the 23rd and 26th of November, 

a tree in every plot was cored at 1.5 m height using a tree borer. Two cores were collected from 

every tree, one from the northern side and one from the southern side, amounting to a total of 

40 cores. Spruce trees were cored in the spruce area and pine trees in the pine area. The cores 

were oven dried at 40 °C, glued to a board, sanded with a fine sandpaper, and then scanned 

together with a ruler. The scanned images were analysed using ImageJ where the width of the 

tree rings of the last 12 years were measured (5 years prior to wild boar introduction and 7 years 

with wild boars in the enclosures). 

Statistical analyses 

To test whether the microbial community differed between the treatments, I performed a 

multivariate analysis (PERMANOVA) where the PLFA:s were the response variables and 

enclosures, environment and soil depth were the explanatory variables. Type II ANOVA:s were 

used to test the effect of the enclosure treatment for each individual PLFA to investigate 

differences further. The differences in microbial community were visualized using a principal 

component analysis (PCA). Type II ANOVA:s were used to test differences in the total amount 

of PLFA:s, fungi:bacteria ratios, soil C, N and P content and soil moisture and temperature with 

enclosures and environments as explanatory variables. Prior to analyses, homogeneity of 

variances was checked through visual observation of residuals. 

To test the effect of wild boars on soil respiration I used a Type II ANOVA with 

enclosure, environment, and month as explanatory variables. In addition, I ran a separate model 

including soil moisture and soil temperature as covariates to investigate if possible differences 

among treatments were related to differences in the soil environment. The respiration data was 

log transformed due to unfulfilled assumptions in both analyses. 

Relative tree productivity was used to investigate the wild boars’ effect on tree growth. 

Firstly, the individual tree data was normalized by dividing each year’s ring width with that of 

a base year (2009). The mean normalized ring width of years after wild boar introduction was 

divided by that of the years prior to the introduction to receive the relative change in 

productivity. A relative change > 1 indicates an increased ring width since the base year while 
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a relative change < 1 indicates a decrease. The difference in the change in productivity between 

treatments was analysed using a Type II ANOVA. 

To ensure that the spatial distance between plots did not influence the results, a distance 

matrix was created using the spatial distance in m between every pair of plots, obtained using 

the QGIS software and the Distance Matrix tool. A distance matrix was then created using the 

differences in the data regarding responsive variables between every pair of plots. These two 

distance matrices were then checked for correlations. No differences in measured variables 

showed correlations with spatial distances. 

All statistical analyses were conducted in R 4.0.4 and Rstudio, ANOVA:s using the 

packages “car” (Fox & Weisberg 2019) and “lmerTest” (Kuznetsova et al. 2017), 

PERMANOVA:s using the package “vegan” (Oksanen et al. 2020) and descriptive analyses 

using the package “psych” (Revelle 2020). Graphs were done using the packages “ggplot2” 

(Wickham 2016) and “ggfortify” (Tang et al. 2016). 

 

Results 

Soil characteristics 

The soil bulk density was similar between enclosures and control areas (enclosure effect: F1,18 

= 0.89, p = 0.36) (figure 2a, 2b). The enclosures had a higher soil bulk density than the control 

areas in the pine forest but lower in the spruce forest (interaction effect: F1,16 = 4.40, p = 

0.05). Similarly, the enclosures had a higher density in the top layer than the control areas but 

a lower density in the lower layer (interaction effect: F1,18 = 5.05, p = 0.04). Enclosures and 

control areas showed no difference in organic matter content in the soil (enclosure effect: F1,18 

= 0.10, p = 0.76) (figure 2c, 2d). These similarities were consistent between environments 

(interaction effect: F1,16 = 1.49, p = 0.24) and soil depth (interaction effect: F1,18 = 0.01, p 

= 0.92). 

Figure 2. Soil density in the top layer (A) and 

lower layer (B), as well as the organic matter 

content in the top layer (C) and lower layer 

(D). Error bars show standard error (n = 10). 

 

Figure 3. Soil moisture (A) and soil temperature 

(B) in the months of June – November. Error bars 

show standard error (n = 10). Due to a calibration 

error, the moisture measurements for November 

have been removed. 
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The soil temperature was overall similar in the enclosures and the control areas (enclosure 

effect: F1,18 = 0.12, p = 0.08) (figure 3b). However, the temperature was somewhat higher in 

the enclosures during the summer months June – August and lower in November (interaction 

effect: F1,10 = 0.55, p = 0.71). These results were similar between environments (interaction 

effect: F1,16 = 0.01, p = 0.93). The soil moisture was marginally but consistently higher in the 

enclosures than the control areas (enclosure effect: F1,14 = 0.64, p = 0.44) (figure 3a). This 

result was consistent between months (interaction effect: F3,8 = 0.11, p = 0.95) and 

environments (interaction effect: F1,12 < 0.01, p = 0.97). 

PLFA 

The PLFA composition in the soil samples were similar between enclosures and control areas 

(PERMANOVA p = 0.74) (figure 4). Several explanatory variables were found to influence the 

PLFA composition (table 1). When testing individual PLFA:s, the concentration of 15:0, which 

indicates bacteria, as well as 18:2ω6, which indicates fungi, were higher in enclosures than 

control areas (enclosure effect: F1,18 = 5.32, p = 0.03 and F1,18 = 4.91, p = 0.04, 

respectively). These results did not change when accounting for the variables in table 1. 

 

 

 
Figure 4. PCA of fatty acid composition of soil samples. Blue and green colours represent control and enclosure 

plots respectively, and circles and squares represent pine and spruce plots, respectively. 
 

 

The total PLFA concentrations of the soil were not found to differ between enclosures 

and control areas (enclosure effect: F1,18 = 0.13, p = 0.72) (figure 5a, 5b). This was consistent 

between soil depths (interaction effect: F1,18 = 0.29, p = 0.59) and environments (interaction 

effect: F1,16 = 2.22, p = 0.16). The fungi:bacteria ratio was higher in the enclosures than in the 

control areas (enclosure effect: F1,38 = 5.54, p = 0.02) (figure 5c, 5d). This difference in 

fungi:bacteria ratio was consistent between soil depths (interaction effect: F1,18 = 0.18, p = 

0.67) and environments (interaction effect: F1,16 = 0.17, p = 0.69). 
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Table 1. Influence of different variables on the PLFA 

composition. 

Variable r2 p 

C:N ratio 0.17 0.03 

C 0.44 < 0.01 

N 0.53 < 0.01 

P 0.48 < 0.01 

NO3
- 0.26 < 0.01 

NH4
+ 0.17 0.04 

Organic matter 0.43 < 0.01 

Soil density 0.13 0.10 

Soil moisture 0.32 < 0.01 

Soil temperature 0.13 0.09 

 

 

 

 

 

Soil respiration 

The soil respiration in the enclosures were between 13-31% lower than in the control areas with 

the greatest difference in September and the smallest in June (enclosure effect: F1,18 = 2.83, p 

= 0.11) (figure 6). These results were consistent throughout all months (interaction effect: 

F1,10 = 0.16, p = 0.95) and both environments (interaction effect: F1,16 = 0.37, p = 0.55). 
 

Figure 6. CO2 released per hour and square meter from control areas (blue circles) and wild boar enclosures (green 

triangles) between June to November. Error bars show standard error (n = 10). 

 

Figure 5. Total amount of µmol phospholipids g-1 

in the top layer (A) and the lower layer (B). 

Fungi:bacteria ratio in the top layer (C) and lower 

layer (D). Error bars show standard error (n = 10). 
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In general, soil temperature was negatively correlated with respiration (most notably in 

August: r2 = 0.36, p < 0.01) except in November where soil temperature was strongly positively 

correlated with respiration (r2 = 0.67, p < 0.01). Soil moisture had a less clear correlation with 

respiration (with the greatest correlation, in August, being positive: r2 = 0.21, p = 0.03). 

Removing differences in soil temperature increased the enclosure effect slightly (enclosure 

effect: F1,18 = 3.59, p = 0.07) as did removing differences in soil moisture (enclosure effect: 

F1,18 = 3.20, p = 0.09). In September, where soil samples were collected for analysis, the total 

PLFA concentration was not correlated with respiration (r2 = 0.02, p = 0.24). However, the 

fungi:bacteria ratio was clearly negatively correlated with the respiration (r2 = 0.36, p < 0.01) 

and greatly reduced the enclosure effect when accounted for (September enclosure effect 

reduced from F1,18 = 6.47, p = 0.02 to F1,18 = 2.72, p = 0.12). 

Total C, N and P 

The enclosures and control areas were similar in total C concentration (enclosure effect: F1,18 

= 0.06, p = 0.81) (figure 7a). This result was consistent between soil depths (interaction effect: 

F1,18 = 0.19, p = 0.67) and environments (interaction effect: F1,16 = 0.65, p = 0.43). Also, 

total N concentration was similar between the treatments (enclosure effect: F1,18 < 0.01, p = 

0.92) and was consistent between soil depths (interaction effect: F1,18 = 0.11, p = 0.74) and 

environments (interaction effect: F1,16 = 1.17, p = 0.30) (figure 7b). The stock (g m-2) of C 

and N in the soils were similar between treatments (p = 0.9 and p = 0.98, respectively) (figure 

8a, 8b). The total P concentration showed greater differences between the enclosures and 

control areas (enclosure effect: F1,18 = 2.33, p = 0.14) (figure 7c). These results were 

consistent between soil depths (interaction effect: F1,18 = 2.75, p = 0.11). However, the 

enclosures had a lower P concentration than the control areas in the pine forest but nearly the 

same as the control areas in the spruce forest (interaction effect: F1,16 = 19.3, p < 0.01). The 

stock of P was somewhat lower in the enclosures than in the control areas (p = 0.1) (figure 8c). 

 

 

 
Figure 7. Proportion of C (A), N (B) and P (C) in soil samples of enclosures and control areas in different 

environments. Error bars show standard error (n = 5). 
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Figure 8. Soil stock of C (A), N (B) and P (C) in enclosures and control areas. Error bars show standard error (n = 

10). 

 

 

Available N 

The NO3
- concentration showed a strong interaction between the enclosure treatment and the 

environment (interaction effect: F1,16 = 13.54, p < 0.01) (figure 9a). Looking at the two 

environments individually, the NO3
- concentrations showed differences between the treatments 

but in different directions. In the pine forest, the enclosure had a lower NO3
- concentration than 

the control areas (enclosure effect: F1,8 = 4.58, p = 0.06). On the other hand, in the spruce 

forest the enclosure had a much higher NO3
- concentration than the control areas (enclosure 

effect: F1,8 = 9.96, p = 0.01). 

The NH4
+ concentration was somewhat lower in the enclosures (enclosure effect: F1,18 

= 2.84, p = 0.11) (figure 9b), and there was no interaction effect with environment (interaction 

effect: F1,16 = 0.73, p = 0.44). 

Figure 9. NO3
-
 (A) and NH4

+
 (B) produced per cm and day in enclosures and control areas. Error bars show 

standard error (n = 5). 
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Tree growth 

The analysis of the relative tree ring width showed that, prior to the wild boar introduction in 

2012, the enclosures and control sites showed similar growth patterns (figure 10). After the wild 

boar introduction, the ring widths differed in development over the years. The rings of the 

control areas after the introduction were wider than the enclosures’ rings relative to their 

respective rings prior to the introduction (enclosure effect: F1,18 = 15.78, p < 0.01). This was 

consistent in both the pine and the spruce forest (interaction effect: F1,16 = 1.76, p = 0.20). 

 

 
Figure 10. The relative ring width of tree core samples compared with the base year (2006). The red line indicates 

the introduction of wild boars to the enclosures in 2012. Error bars show standard error (n = 10). 

 

 

Discussion 

Large animals can affect ecosystems in many ways. The wild boars’ rooting behaviour presents 

a disturbance that is unique among the ungulates and which potentially alters important soil 

processes. Here, I have studied how the wild boars affect these soil processes as well as the 

growth of nearby trees. The presence of wild boars did influence some soil processes such as 

soil respiration and nitrification but, overall, not to a great extent. However, the wild boars’ 

effect on tree growth, both instantaneous and long-term, was surprisingly large. 

Extrapolating effects in enclosures to wild populations 

The wild boar densities in my study were much higher than what is naturally occurring and, 

thus, the effects shown here are likely stronger than in the wild. Natural densities of the wild 

boar have been estimated anywhere from 0.002 to 0.43 individuals per ha, as well as individual 

home ranges of up to 625 ha (Massei et al. 1997). While Swedish wild boar densities have been 

difficult to estimate (Swedish Environmental Protection Agency 2019), the wild populations in 

Sweden have increased rapidly over the last decades and a continued increase may bring local 

densities of wild populations closer to those of my study. That said, Wardle et al. (2001) found 

that the effect of browsing disturbance on ecosystem processes and communities was highly 

idiosyncratic across 30 sites for many of the studied variables. Thus, the findings in my study 

may not be representative for the whole range of boreal ecosystems. 
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Changes in the soil microbial biomass 

The phospholipid fatty acid (PLFA) composition did not differ between the areas inside and 

outside of the enclosures. This was surprising as microbial communities are generally known 

to respond to disturbance through a shift in composition or change in abundance (Allison & 

Martiny 2008). The only difference between the areas inside and outside the enclosures was a 

greater amount of the bacterial PLFA 15:0 and the saprophytic fungal PLFA 18:2ω6 in the 

enclosures. 

Several studies have found that differences in N concentrations affect the microbial 

community in different ways (Gallo et al. 2004; Demoling et al. 2008; Liu et al. 2013). The 

microbial community structure in my study was also heavily influenced by the soil N 

concentrations where all but three phospholipids showed a significant correlation with the N 

content. Notably, the two phospholipids that were significantly different between areas inside 

and outside the enclosures (15:0 and 18:2ω6) were two of the three phospholipids that showed 

no significant relationship with N content. Possibly, the similarities between the areas inside 

and outside the enclosures regarding N content explains the similarities in microbial 

communities.  

Due to fungi being relatively sensitive to disturbance as well as reductions in litter input 

(Moore-Kucera & Dick 2007), it was surprising that the soils of the enclosures contained a 

higher fungi:bacteria ratio. Hacki et al. (2005) found that 18:2ω6 was more common in pine 

forests than spruce and deciduous forests and argue that this may be because saprophytic fungi 

are more efficient than bacteria at managing pine litter. Possibly, the areas outside the 

enclosures had less pine litter relative to other substrates compared to enclosures, which had 

very little litter input from other vegetation. This could also explain the marginally higher 

fungi:bacteria ratio found in the enclosures. However, the phospholipid 16:1ω5, also possibly 

representative of fungi, had a slightly lower biomass in the enclosures. Though 16:1ω5 is 

generally representative of mycorrhizal fungi (He et al. 2013; Olsson et al. 1997) and 18:2ω6 

of saprophytic fungi (Hacki et al. 2005), it is possible that the wild boar disturbance on root 

systems have caused a decrease of mycorrhizal fungi, thus alleviating competitive pressure 

from the saprophytic fungi (Bödeker et al. 2016). 

Microbial biomass (here total PLFA:s) was marginally higher in the enclosures which is 

surprising as the soil respiration was lower. The biomass differed between the top and lower 

layers of the areas outside the enclosures, but not as much within the enclosures mainly due to 

higher variation in both layers. Fierer et al. (2003) found a similar result with microbial biomass 

decreasing with soil depth. They discuss that this may be due to several factors such as resource 

availability. The findings in my study regarding soil organic matter, soil C and soil P have 

shown lower numbers in the lower soil layer, possibly supporting Fierer et al.’s (2003) findings. 

As soils in boreal forests generally have a higher microbial activity in the upper horizon 

(Heinonsalo et al. 2001), it is possible that the wild boars’ rooting behaviour causes a mixing 

between the soil horizons which reduces the differences in soil microbial biomass. 

The wild boars’ effect on soil respiration 

The results of my study showed that C loss through soil respiration was lower inside the wild 

boar enclosures than outside. However, other studies by Liu et al. (2020) and Risch et al. (2010) 

conducted in China and Switzerland, respectively, showed an opposite pattern. Risch et al. 

(2010) and Cuevas et al. (2012) mention that the differences in soil respiration rates may be due 

to changes in soil moisture levels, where a too high moisture content would result in lower soil 
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respiration. However, in my study soil moisture did not drive the effect of wild boars on soil 

respiration. In accordance with this, Liu et al. (2020) found no differences in soil moisture 

content between areas with and without wild boars, but the difference in respiration rate 

persisted. Interestingly, a study on wild boars performed in a desert showed a similar decrease 

of soil respiration as that of my study (Cuevas et al. 2012). 

Liu et al. (2020) and Risch et al. (2010) discuss another possible mechanism, the mixing 

of the soil layers, as a driving factor. Liu et al. (2020) suggests that the mixing of the litter layer 

with lower layers makes substrates available for soil microorganisms which in turn causes a 

higher respiration rate. The enclosures in my study held such high wild boar densities that the 

understory vegetation, and thus the litter layer, was greatly reduced. Because of this reduction 

of vegetation substrates benefitting microbial activity, despite mixing through wild boar 

rooting, may not become available for soil microorganisms. Furthermore, Boone et al. (1998) 

found that the incorporation of subsoil into the upper layers caused the soil respiration to 

become less sensitive to external influences such as temperature. The soil inside the enclosures 

was heavily mixed compared with that of the areas outside the enclosures, thus possibly causing 

the respiration of the enclosures to become less sensitive and increase less with the warmer 

summer season than the non-disturbed areas. 

Long et al. (2017) suggests yet another mechanism in which wild boars would affect the 

soil respiration rate, which is changes in bulk density. They found that the wild boar rooting 

causes an increase in soil density and discuss that this ought to result in a lower oxidation which 

disfavours the microbial activity. My study, in accordance with Cuevas et al.’s (2012) study, 

found that the soil density instead decreased with the presence of wild boars. However, in my 

study the difference in wet density and dry density was greater inside the wild boar enclosures 

than in the areas outside, possibly suggesting that the water content was greater within the 

enclosures and could thus potentially suggest that the level of oxidation was indeed lower in 

the presence of wild boars. 

Kelting et al. (1998) have found that root respiration (i.e. autotrophic), beside microbial 

respiration, can make out a large proportion of the total soil respiration. In my study, the wild 

boar enclosures had much less vegetation than the areas outside of the enclosures. This, coupled 

with wild boars damaging roots through their rooting behaviour, may have caused a lowering 

of the soil respiration. Thus, the fact that the wild boar enclosures produced lower respiration 

rates could be the result of changes in root respiration while heterotrophic respiration remained 

similar. 

Influence of wild boars on soil nutrient processes 

Boreal forests are an important factor in C storage (Bradshaw & Warkentin 2015) but the effect 

of wildlife disturbances on this storage and current C sequestration remain unclear. 

In my study, the soil C as well as the soil N content were similar inside and outside of the 

wild boar enclosures. This is in accordance with the findings of Wardle et al. (2001) who found 

significant but very low differences in C and N storage in soils exposed to browsing compared 

with undisturbed soils. Long et al. (2017) found a similar result regarding the soil C and N with 

no effect from the wild boar presence. However, Liu et al. (2020) found an increase in organic 

C and N in rooted areas. Long et al. (2017) mentions that this increase in C and N may be a 

consequence of nitrifying microorganisms benefitting from a lower soil density and moisture. 

In my study, the enclosures were found to have an overall lower soil density and a higher 

moisture level which may have caused these two factors to cancel each other out and reduce 

the differences in C and N levels. 
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Fungal activity has been shown to be important for the soil C storage ability (Clemmensen 

et al. 2013; Bailey et al. 2002). The wild boars did have an increasing effect on the 

fungi:bacteria ratio but it was relatively small and thus may not present an effect on the actual 

C storage of the soil as shown by the very small difference in total C in the soil samples. 

The soil P content was marginally lower inside than outside of the enclosures. Long et al. 

(2017) found an increase in extractable P in the presence of wild boars which is contradictory 

to the findings of my study. They discuss that this increase in extractable P may be an effect of 

a lower P uptake by the vegetation in the presence of wild boars. In my study the understory 

vegetation in the wild boar enclosures was almost non-existent compared with the areas outside 

yet the P levels were lower in the presence of wild boars. He et al. (2013) found that the PLFA 

16:1ω5 has a strong correlation with P content in the soil. In my study, the enclosures had lower 

values of both. He et al. (2013) discuss that this correlation may be due to the organismal groups 

indicated by 16:1ω5, arbuscular mycorrhizal fungi, is enabling P availability for plant uptake. 

Frostegård et al. (2011) expressed concern about using 16:1ω5 as an indicator for arbuscular 

mycorrhizal fungi as this phospholipid fatty acid is also found in bacteria. However, arbuscular 

mycorrhizal fungi have been found to be quite abundant in some boreal forests suggesting that 

this could indeed be the driving factor in my study (Öpik et al. 2008). Possibly, the wild boars’ 

disturbance lowers the P contents in the soil because of lowered amounts of arbuscular 

mycorrhizal fungi. 

The available NO3
- concentration was extremely varied in the wild boar enclosures, driven 

mainly by a few high concentrations in the spruce-dominated enclosure. Looking solely at the 

pine-dominated areas, the areas outside the enclosures had a slightly higher concentration of 

available NO3
- than the areas within the enclosures. Previous studies have showed conflicting 

results regarding NO3
- concentrations where Cuevas et al. (2012) found that areas disturbed by 

wild boar rooting had a higher NO3
- level than non-disturbed areas, while Long et al. (2017) 

found that nitrification, and NO3
- concentrations, in rooted patches were lower than the non-

rooted ones. Both studies, however, found that the NH4
+ levels were higher in wild boars’ 

presence which contradicts the results of my study. Cuevas et al. (2012) mentions the mixing 

of litter with soil as a possible effect that increases available N levels. Both Cuevas et al. (2012) 

and Long et al. (2017) mention an increase in soil moisture and density as a driving factor to 

reduce the nitrification and NO3
- levels. When looking at the pine-dominated areas, soil 

moisture may be an important factor as these levels were indeed higher inside the enclosures 

than outside. The mixing of litter with the lower layers could also be an important factor as the 

enclosures’ lower NO3
- levels could thus be a consequence of having a much less litter-covered 

soil. However, both these facts were also true for the much higher levels of NO3
- in the spruce-

dominated area, suggesting either that there are other factors more important in these areas or 

that the specific plots that showed extremely high concentrations were non-representative for 

the area. 

The effect of wild boar disturbance on tree growth 

Since the introduction of wild boars in 2012, the tree productivity in the enclosures have been 

lowered to a great extent in relation to that of the areas outside of the enclosures. Prior to the 

introduction, the two areas followed a similar pattern in annual productivity, as measured by 

ring widths. After the introduction, the two areas continued to follow similar patterns, possibly 

responding to especially good or bad years of e.g., drought, with the exception of the enclosures 

having a much lower relative production. This loss in productivity could possibly have been 

mediated by a lack of plant-available nutrients (Zhao & Zeng 2019). While the total N levels 
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did not differ between the areas inside and outside of the enclosures, the results of available 

NO3
- were ambiguous and could potentially have an effect. Furthermore, P levels were lower 

inside the enclosures than outside but are not likely contributing to a limitation of productivity 

(Zhao & Zeng 2019). 

Trees in boreal forests are known to be highly dependent on mycorrhizal fungi for uptake 

of nutrients (Heinonsalo et al. 2001). It is possible that the marginally lower mycorrhizal fungi 

biomass in the enclosures caused a lower nutrient uptake among the trees subjected to wild boar 

disturbance. 

Another probable cause to the decline in productivity is that of damages to root systems 

following the wild boars’ rooting. Apart from the mechanical damage of attacking the roots, 

the wild boars may also affect them indirectly by the reduction of the understory vegetation 

and, in turn, reduce the roots’ protection from changes in temperature. The soil temperature in 

the enclosures showed warmer temperatures in the summer months and colder temperature in 

November than the areas outside the enclosures, possibly suggesting that the trees may 

experience stress through root exposure to cold (Pregitzer et al. 2000). Both nutrient deficiency 

and root damage may affect the stem growth of a tree (Waring 1987), however it remains 

unclear if declining stem growth is indicative of reduced tree vitality (Dobbertin 2005). 

My study indicates that the presence of wild boars may have a negative effect on C 

sequestration in trees. Browsing by ungulates such as moose (Alces alces) have been found to 

negatively affect tree productivity in many ways (Bergqvist et al. 2001), and now wild boar 

may be added to this list. However, if wild boars mainly cause damage to tree roots the effect 

may be different compared with above-ground browsing ungulates who preferentially browse 

on top shoots. Furthermore, while other ungulates generally prefer young stands (Vehviläinen 

& Koriecheva 2006), it is possible that wild boars are less selective in their choice of forage. 

While browsing may cause multiple stem growths or defective growth patterns (Wallgren et al. 

2014; Berquist et al. 2009), it is possible that wild boar rooting has a negative but different 

effect on tree productivity in relation to other disturbances. 

Conclusion 

My study showed that wild boars have a variety of effects on a boreal forest ecosystem. They 

caused minor changes to microbial communities and fungi:bacteria ratios. They decreased soil 

respiration as well as tree productivity, while they increased soil moisture and temperature 

during the summer months. With an increasing wild boar population in boreal forests, the 

implications of the decreased tree productivity need further investigation in natural ecosystems. 
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