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Abstract 
It is essential for biodiversity conservation and sustainable foraging to understand the ecological 
niches of edible ectomycorrhizal fungi. This study investigates, with the use of soil DNA 
metabarcoding data from the Swedish Forest Soil Inventory, how forest characteristics and soil 
properties influence the occurrence of species within the Boletaceae family and Suillus genus. The 
effects of the variables: stand age, tree species composition, soil pH, nitrogen availability (N:C 
ratio) and nitrogen deposition on fungal presence were analysed. 

Generalized additive models (GAMs) were used to investigate the relationships between these 
variables and fungal occurrence across multiple taxonomic levels (family, genus, and species). In 
this study, it was found that tree species composition was the strongest predictor of fungal 
presence. The species within the genus Suillus were negatively associated with spruce, birch and 
other trees, supporting claims from previous literature stating that species within the genus Suillus 
are prone to choose pine as their host trees. In contrast, species within Boletaceae, such as Boletus 
edulis and genus Leccinum showed positive associations with spruce and birch. Boletaceae and 
Leccinum were more common in younger stands, while Suillus occurred more frequently in older 
stands. 

Higher soil pH values were generally negatively associated with fungal occurrence, indicating 
a preference for acidic conditions. The N:C ratio showed a positive association with several taxa, 
suggesting the importance of a nutrient rich soil. Nitrogen deposition however, showed no 
significant effect on any of the fungal taxa. Spatial distribution patterns at larger taxonomic scales 
showed no strong geographic clustering, although several species exhibited a more restricted 
distribution. 

This study demonstrates the effect of forest composition and soil properties on the occurrence 
of Boletaceae and Suillus species in Sweden. The findings of this study contribute to a better 
understanding of their preferred habitats and can therefore aid in forest management and 
conservation strategies, as well as improve the knowledge for recreational mushroom foraging. 

Keywords: Boletaceae, Suillus, ectomycorrhizal fungi, DNA metabarcoding, ecological niches, 
Swedish forests, tree species composition 
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1. Introduction 

Picking mushrooms has been part of Swedish culture for more than a hundred 
years. It started in the 1830s, when a few academic mycologists started campaigns 
trying to inform people about edible mushrooms. This was met with great 
resistance, since most people did not see mushrooms as food. In the 20th century, 
the urban middle class, followed by the working class, started accepting it as a 
viable food source, although many limited themselves by only eating the 
chanterelle (Cantharellus cibarius Fr.) (Svanberg & Lindh, 2019). With 
increasing interest, mushroom picking is now, in the 21st century, integrated in 
the Swedish culture and has become a thriving pastime activity (Svanberg & 
Lindh, 2019). Mushroom picking not only adds recreational value to a forest, but 
fungi also offer many health benefits when consumed (Konsue et al., 2025).  

While foraging is often seen as something that damages natural ecosystems, 
evidence suggests that mushroom picking has an opposite effect. Foraging food 
from the forests increases the nature relatedness of people (Schunko & Brandner, 
2021), which results in a higher urge to protect nature and improve biodiversity to 
battle climate change (Ágoston et al., 2024). Additionally, foraging mushrooms, if 
done correctly, shows no reduction in species richness of the fungi, or future 
yields of the fruit bodies. Although forest floor trampling does reduce fruit body 
numbers, it appears to do no underground damage to the soil mycelia (Egli et al., 
2005). Although direct evidence is limited, wild mushroom foraging may have a 
substitution effect by reducing demand for cultivated or other agricultural food 
products such as meat, which are typically associated with higher environmental 
impacts (Procházka et al., 2023). 

There is no peer reviewed scientific paper published that tells how many edible 
mushrooms are present in Sweden. However, research has been conducted with 
100 participants, in which they were collectively able to mention 136 edible 
mushroom species, of which 91 represented scientific species that were not 
synonyms (Svanberg & Lindh, 2019). While participants varied considerably in 
their knowledge of edible mushrooms, the Boletus edulis, a member of the 
Boletaceae family was known by most participants and is one of the most picked 
mushrooms in Sweden (Svanberg & Lindh, 2019). Another, less known, 
mushroom family classified in the order of Boletales that are present in Swedish 
forests, are the Suillaceae. In the family Suillaceae, there is a genus called Suillus. 
All Suillus species occurring in Sweden are considered edible (Judžentienė & 
Šarlauskas, 2025), which makes them popular for foraging. 

This project focuses not only on the edible species of the Boletaceae family, 
since they are one of the most popular for gathering in Sweden (Svanberg et al., 
2025), but also members of the genus Suillus from the family Suillaceae, since 
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they are present in high abundances in the Northern hemisphere (Lofgren et al., 
2024), resulting in a high occurrence in Swedish forests. Species within the 
Boletaceae and Suillaceae families can be distinguished by their tubular 
hymenophore, which appears as spongy pores on the underside of the cap instead 
of gills (Ayala-Vásquez et al., 2023) (Figure 1A), and they have fruit bodies with 
a strong flavour. None of the species present in Sweden in the family Boletaceae 
and genus Suillus are deadly according to the Giftinformationcentralen (Giftiga 
Svampar, n.d.), although some species from Boletaceae are considered to be 
poisonous, such as the bitter bolete (Tylopilus felleus), the Satan's bolete 
(Rubroboletus satanas) (Figure 1B), and other red-pored boletes within the family 
Boletaceae, such as R. legaliae, and R. rhodoxanthus . These are known to cause 
gastrointestinal symptoms, including nausea and vomiting (Andersson et al., 
2016) and are excluded in this research. The species that are in the genus Suillus 
are all edible, although there are some species that can cause possible stomach 
issues if they are prepared inadequately. This is the case for the species Suillus 
luteus (Slippery Jack) (Figure 1C), which can cause issues when consumed if the 
slimy cap is not removed (Prager & Goos, 1984), but the species will be included 
in the research, since it is often picked. 
 

Figure 1  

A) Tubular hymenophore, B) Satan’s Bolete (Rubroboletus satanas) and C) Slippery 
Jack (Suillus luteus) 

 

Note. A) Tubular hymenophore, which appears as spongy pores on the underside 
of the cap, used to distinguish the Boletaceae family and Suillus. From “All about 
boletes: An introduction to bolete foraging and identification” by Mushroom 
Appreciation (2025), https://www.mushroom-appreciation.com/all-about-
boletes.html.  Copyright (2025, October 2) Jenny.                        
B) Satan's Bolete, which is known to be a poisonous mushroom from the family 
Boletaceae. From “Artfakta: djävulssopp (Rubroboletus satanas)” by SLU 
Artdatabanken (2026), https://artfakta.se/taxa/161. Copyright n.d. Michael 
Krikorev.                          
C) Slippery Jack (Suillus luteus), which can cause stomach issues if not prepared 
right. From “Suillus luteus, Slippery Jack mushroom” by First Nature (n.d.), 
https://www.first-nature.com/fungi/suillus-luteus.php  

https://www.mushroom-appreciation.com/all-about-boletes.html
https://www.mushroom-appreciation.com/all-about-boletes.html
https://artfakta.se/taxa/161
https://www.first-nature.com/fungi/suillus-luteus.php
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Species of the genus Suillus mainly occur in temperate and boreal forests of the 
Northern Hemisphere (Judžentienė & Šarlauskas, 2025). Similarly, many species 
within the family Boletaceae are widely distributed across Europe, Asia, and 
North America, while some species have also been introduced to regions such as 
South Africa and New Zealand through non-native tree plantations. Their 
distribution is correlated with a cool-temperate to subtropical climate. They are 
strongly associated with forests since they are dependent on ectomycorrhizal 
relationships with trees (Hall et al., 1998), in which they receive carbon from the 
roots and exchange nutrients, such as phosphorus and nitrogen, to the tree 
(Niedzielski et al., 2024). Because of this relationship, they can occur in dense 
forest stands, but can also thrive in more open landscapes, close to isolated trees.  

The Boletaceae family shows a broad range of host trees, since they can grow 
in association with Quercus (oak), Fagus (beech), Betula (birch), Picea (spruce), 
and Pinus (pine), but are influenced by the maturity of the trees. In mature stands, 
they grow in higher abundance, although they can also be found in younger stands 
(Hall et al., 1998). Other characteristics of species in the Boletaceae family, is that 
they can be found on all sorts of soil, but they are mostly found in nutrient rich 
soils with high Fe and C:N ratio (Hall et al., 1998). The soil pH likely plays a role 
in their abundance, but the mechanism is unclear and more research is needed in 
this area (Niedzielski et al., 2024).  

Since the Boletaceae family and the genus Suillus have not been successfully 
cultivated on a commercial scale, because of their dependence on the 
ectomycorrhizal relationships with trees, they remain exclusively available 
through foraging (Hall et al., 1998). This highlights the importance of 
understanding their habitat requirements to support their conservation, as these 
species depend entirely on natural habitats.  

Within the Boletaceae family the genera Leccinum, Xerocomus and 
Xerocomellus are ecologically important ectomycorrhizal taxa, on which a focus 
will be placed in this study. Species of Leccinum are mostly found with specific 
host trees such as Betula (birch), Populus (poplar), and Salix (willow) (Budau et 
al., 2026), showing a tendency to occur in broadleaf stands, while species within 
Xerocomus and Xerocomellus show broader host tree preferences occurring in 
broadleaf stands and coniferous stands (Wu et al., 2016) (Nuhn et al., 2013). 

Species within the genus Suillus are commonly associated with Pinus (pine) 
species, particularly Pinus sylvestris (Scots pine), which act as their primary host 
trees (Liao et al., 2016). Some species are found mostly in nutrient poor peatlands, 
but also in moist sites dominated by pine. An example of a species that occurs in 
these types of moist landscape is Suillus flavidus, but wetlands being one of the 
most threatened ecosystems endangers their existence (Stasińska, 2025). Other 
species included in this study are Suillus variegatus and Suillus bovinus. S. 
variegatus is mostly dominant in mature stands, while S. bovinus is more 
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characteristic for younger stands (Dahlberg, 1997). It is possible for S. bovinus to 
be part of a tripartite interaction with a tree and mycoparasitic fungi (Gomphidius 
roseus), showing a complexity of ecological networks for this species (Olsson et 
al., 2000). 

Although previous research has been done, it is still important to get more 
accurate data on the Boletaceae family and Suillus genus and their favoured 
habitats, to improve our understanding of where these mushrooms thrive and 
which environmental conditions and forest characteristics are most suitable for 
their growth. This knowledge will not only benefit recreational users that like to 
forage these mushrooms, but can also help with identifying and maintaining 
optimal habitats. This is essential for conserving and protecting these mushrooms, 
by adapting forest management for biodiversity reasons, particularly because 
Boletaceae and Suillus cannot yet be cultivated. 

To increase the amount of data available and accuracy about the influence of 
forest characteristics on the presence of various species in the Boletaceae family 
and Suillus genus, DNA sequence data from the Swedish Forest Soil Inventory 
will be used. Statistical modelling will be done of ecological niches with respect 
to forestry and soil fertility. DNA obtained from soil samples allows for the 
detection of species without any visible fruiting bodies, making it an increasingly 
important tool for studying fungi. Compared to traditional survey methods based 
on above-ground observations, DNA sequences can reveal a much higher 
diversity of fungi (Peay et al., 2016). Especially for the Boletaceae family, it is of 
importance since their fruiting is variable, due to a high dependence on 
environmental conditions. Furthermore, soils act as reservoirs of fungal diversity, 
which increases the likelihood of detecting Boletaceae species in soil samples 
compared to above-ground observations. Tree roots contribute greatly to fungal 
diversity (Fjelde et al., 2025), which is relevant since Boletaceae and Suillus form 
ectomycorrhizal relationships with trees and are often found in the soil around 
these roots. This makes the combination of soil DNA data and forest 
characteristics especially useful for studying their distribution. 

This study addresses the following research question: how do forest 
characteristics and soil properties influence the presence of Boletaceae and Suillus 
species in Swedish forests, as detected through soil DNA sequencing? It is 
hypothesized that the presence of Boletaceae and Suillus species is strongly 
influenced by tree species composition and soil properties, with higher occurrence 
in mature forests and nutrient-rich soils. To test this, a range of environmental 
variables was analysed, including stand age, tree species composition, soil pH, 
nitrogen availability (N:C ratio), and nitrogen deposition.  
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2. Methods 

2.1 Samples 
The 2277 samples used in this research were gathered between 2014 and 2021 by 
the Swedish Forest Soil Inventory (Lindahl et al., 2026). They were gathered from 
locations systematically distributed across Sweden, with a higher density in the 
south, since there is a larger variety in forest stands there. Access to the dataset 
was provided through collaboration with researchers affiliated with the Swedish 
Forest Soil Inventory and the Swedish University of Agricultural Sciences (SLU). 

The measurements used in this analysis include N:C ratio, pH, stand age, 
square-root stand age, tree species composition (spruce, birch and other trees) and 
nitrogen deposition. These forest- and soil characteristics were selected because of 
their ecological relevance, availability and based on previous literature on 
ecological niches of ectomycorrhizal fungi. The N:C ratio and pH were measured 
directly on the soil samples. These samples were from the organic topsoil layer, 
with the use of a corer at multiple smaller subplots within each circular plot, with 
a 20 meter radius. After removal of fresh litter the soil cores from each plot were 
combined into a composite sample. The concentration of carbon and nitrogen was 
determined using an elemental analyser, with the nitrogen availability being 
expressed as the N:C ratio, while the pH was measured in a soil–water slurry 
using a pH electrode (Lindahl et al., 2026).  

All tree data was gathered by the Swedish National Forest Inventory. The stand 
age was calculated with the use of increment boring of selected trees (Lindahl et 
al., 2026). Stand age was included in both square-root transformed and non-
transformed forms, to allow for non-linear dependencies. Tree species 
composition was measured in plots with a 20 m radius (Fridman et al., 2014) and 
was expressed as proportional stand dominance values ranging from 0 to 1. The 
dominant tree species in the sampled stands were mainly Picea abies (Norway 
spruce) and Pinus sylvestris (Scots pine), often mixed with Betula (birch) species 
and other broadleaf trees. The spruce category consisted exclusively of P. abies. 
The pine category was dominated by P. sylvestris, but also included a small 
proportion of Pinus contorta (lodgepole pine). Because tree species other than 
spruce, pine, and birch occurred at relatively low frequencies, they were grouped 
into the category “other trees” for statistical analyses. Although less abundantly 
around 5% of the stands included in the data were broadleaf dominant.  

Nitrogen deposition data was gathered by the Sveriges meteorologiska och 
hydrologiska institut (SMHI). 
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2.2 DNA sequencing to detect fungal species in the 
Boletaceae family and Suillus genus 

The DNA sequence data used in this study originated from soil samples collected 
through the Swedish Forest Soil Inventory and were generated previously as part 
of the study by Lindahl et al. (2026). DNA was extracted from organic soil 
material and the fungal ITS2 region (Lindhal et al., 2026), a commonly used 
barcode marker for fungal identification, was amplified using the general fungal 
primers gITS7 and ITS4 (Ihrmark et al., 2012). These primers target a broad range 
of fungal taxa and are not specific to Boletaceae or Suillus species. Amplicon 
sequencing was performed using the PacBio platform as described by Lindahl et 
al. (2026). Sequence reads were filtered and clustered using the SCATA pipeline 
(Ihrmark et al., 2012), after which operational taxonomic units were assigned to 
species hypotheses using the UNITE reference database (Abarenkov et al., 2023). 
For this study, the processed sequence dataset was used to determine the presence 
or absence of the family Boletaceae and the genus Suillus in each soil sample. 
 

2.3 Statistical analysis 
2.3.1 Data preparation 
The analysis in this study included the variables stand age, square-root stand age, 
tree species composition (spruce, birch and other trees), soil pH, N:C ratio, and 
nitrogen deposition.  
These variables were recorded for each sample site and linked to fungal 
occurrence data using unique sample identifiers. From the complete fungal 
dataset, records belonging to the order Boletales were selected. Only edible 
species belonging to the family Boletaceae and the genus Suillus were retained for 
further analysis. In Excel, multiple filtered datasets were created to enable 
analyses at different taxonomic levels: family, genus, and species. At species level 
the presence of B. edulis, S. variegatus, S. bovinus, S. luteus and S. flavidus were 
compared with the forest characteristics. While the genus Leccinum, Xerocomus 
and Xerocomellus were grouped because of lower occurrence and compared. To 
find broader preferences of these mushrooms the entire family Boletaceae was 
grouped, same as the genus Suillus.  
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2.3.2 R 
The statistical analysis was performed in R (version 4.5.1). The packages readxl 
(Wickham et al., 2019), dplyr (Wickham et al., 2023), mgcv (Wood, 2017), 
corrplot (Wei et al., 2021) and DHARMa (Hartig, 2016) were used. The data with 
the occurrence of certain fungal species and forest characteristics were prepared in 
excel as stated above, and in R they were combined using unique sample codes. 
To analyse the fungal occurrence, a binary response variable was created. When a 
fungus was present, it was stated as 1 and when the fungus was absent, it was 
stated as 0. This was done per taxonomic level individually, since the excel data 
was split between either a family, genus or species, to get results on different 
scales.  

To increase the relevance and accuracy of the analysis of fungal occurrence, 
some variables were removed. These variables were temperature sum, since it was 
not relevant for this analysis and days until freezing, because previous analyses by 
Lindahl et al. (2026) showed that these variables had little influence on fungal 
occurrence patterns. The most common tree species in the stands, pine, was 
excluded from the analysis to make analysis of the species composition possible. 
Otherwise, tree species composition would always result in perfect 
multicollinearity. Pine was chosen as the reference category, because association 
with Suillus and pine was in literature already well established, and it was the 
most dominant tree species in the dataset. Therefore, a high proportion of spruce, 
birch, and other trees indicated a relatively lower proportion of pine within the 
stand. When negative associations are found for all investigated species this may 
indicate a positive association with pine. Square-root transformed stand age was 
included to account for the hypothesis that ecological changes occur more rapidly 
during the early stages of forest development than in mature forests (Máliš et al., 
2023). This transformation places greater emphasis on variation among younger 
stands while reducing the influence of differences between older stands.  

Ending up with one data set in R including the occurrence of the fungi species 
linked to the forest characteristics of the samples. These variables included 
longitude and latitude, pH, N:C ratio, stand age, square-root transformed stand 
age, tree species composition, nitrogen deposition, and the square-root 
transformed total number of DNA sequences per sample. The latter was included 
to account for variation in sequencing depth among samples, thereby reducing 
differences in detection probability and improving the precision of the model 
estimates. Tree species composition included spruce, birch and other trees 
(excluding pine as stated above). These variables were standardized using z-
transformation (subtracting the mean and dividing by the standard deviation), 
which improved the comparability of the effects. 

The relationship between the forest characteristics and presence of fungi in the 
family Boletaceae or genus Suillus was analysed using Generalized Additive 
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Models (GAM), with a binomial error distribution and logit link function. This 
model type was chosen, because of their ability to analyse non-linear relationships 
and to account for the spatial autocorrelation. This spatial autocorrelation was 
accounted for in the models using a two-dimensional smooth term of longitude 
and latitude. For each taxonomic level (family, genus or selected species), two 
models were created, one including raw stand age and one including square-root 
stand age. These were not included together since they were strongly correlated. 
In both models, the other forest characteristics were included, and all smoothing 
parameters were estimated with the use of restricted maximum likelihood 
(REML). Providing a stable estimation of model parameters and smoothness 
selection. 

The model was evaluated with a combination of statistical, diagnostic and 
structural criteria. A Pearson correlation matrix was used to check for 
multicollinearity among explanatory variables (Figure 2). When a correlation 
coefficient exceeded 0.7 it was considered a strong correlation and split in 
different models if it influenced the results (Dormann et al., 2013), which was the 
case for square-root stand age and stand age (0.96). Another strong correlation 
was found between nitrogen deposition and latitude (0.89). Both variables were 
retained in the model, because latitude was required to account for spatial 
autocorrelation, while nitrogen deposition represented a separate environmental 
variable with potential ecological effects on ectomycorrhizal fungi. Nitrogen 
deposition seemed to be of ecological relevance in the model since nitrogen 
availability is, according to literature, often reported to influence ectomycorrhizal 
communities heavily (Lilleskov & Bruns, 2001). However, due to the strong 
correlation, interpretation of their individual effects should be done with caution. 
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Figure 2 

Correlation matrix of the variables included in the generalized additive models. Circle 
size and colour intensity indicate the strength of the correlation between variables, with 
blue representing positive correlations and red representing negative correlations. 
Strong correlations were observed between stand age and square-root stand age, and 
between latitude and nitrogen deposition. Variables with correlation coefficients above 
0.7 were considered strongly correlated and were evaluated carefully before inclusion or 
separation in the models. 

 
Akaike’s Information Criterion (AIC) was used to compare the models, and 

performance if some forest characteristics were left out, which was indicated by a 
lower AIC. The model with all the variables included except square-root stand age 
was selected for the results, since the AIC showed a difference smaller than 2, 
which meant the model was considered equally plausible to other possible models 
(Burnham & Anderson, 2002). The model with regular stand age was used for 
statistical analysis of the forest characteristics, while the model with square-root 
stand age was only used for the effect of square-root stand age on the presence of 
fungi. The gam.check function was used to inspect residual patterns and evaluate 
the smooth terms. These residual patterns were evaluated closer using the 
DHARMa package, which made it possible to test for dispersion, uniformity and 
outliers to identify deviations from model assumptions. To check for overlapping 
in information by some predictors the concurvity function was used.  

The R codes used for these models were created with the help of AI, literature 
and experts. 
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2.3.3 Spatial visualization 
R was used for the visualization of the spatial distribution of the studied fungi. 
The packages used to create these maps included ggplot2 (Wickham et al., 2024), 
sf (Pebesma & Bivand, 2023), rnaturalearth (Massicotte et al., 2026) and ggspatial 
(Wickham et al.,2024). The occurrence data was merged with the forest 
characteristics dataset using the unique sample identifiers and made into presence-
absence values. The geographical coordinates needed for plotting the sample 
locations on the map were drawn from the longitude and latitude data received 
from the Swedish Forest Soil Inventory. When a species was present this would 
be indicated as a red spot, whilst absence was either left out of the map or shown 
as a light blue spot. For every taxonomic group researched in this paper a map 
was made. 
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3. Results 

3.1 Spatial distribution 
Figure 3 

Spatial distribution of the family Boletaceae and genus Suillus across Sweden based on 
soil DNA samples from the Swedish Forest Soil Inventory. Red dots indicate samples 
where these species were detected and blue spots indicating absence, showing visually no 
clear signs of clustering. The spatial distribution of samples shows a higher sampling 
intensity in southern Sweden compared to northern Sweden. 

 

In Figure 3 the spatial distribution of Boletaceae and Suillus is represented across 
Sweden. Both groups were widely distributed throughout the study area, with no 
clear large-scale clustering. This suggests that these fungal communities are not 
restricted to specific regions and occurrence is unlikely to be explained by 
geographic locations alone. Therefore, environmental and stand-related variables 
likely influence their occurrence. However, some specific species showed a more 
restricted scattering, in the genus Suillus (Figure A1); S. flavidus, S. luteus and S. 
bovinus. S. bovinus (Figure 4A) showed a higher density of occurrence in 
southern Sweden, while S. luteus (Figure A2) and S. flavidus (Figure A3) were 
distributed more evenly, but found in fewer places. S. variegatus (Figure A4) 
appeared to be very common in Sweden, since it was found in more than 44% of 
the samples.  

Although the Boletaceae family as a whole was relatively evenly distributed 
(Figure A5), with a higher density in the south, genera and species within this 
family appeared to be more specific in their geographic preference. The genus 
Xerocomellus was only recorded in southern Sweden (Figure 4B), while the genus 
Xerocomus was also sporadically found further north in Sweden (Figure 4C). 
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Similarly, B. edulis (Figure 4D) and the genus Leccinum (Figure A6) showed a 
higher density in the south of Sweden with fewer occurrences northwards. 

Figure 4 

Spatial distribution of S. bovinus (A), Xerocomellus (B), Xerocomus (C), and B. edulis 
(D) across Sweden based on soil DNA samples from the Swedish Forest Soil Inventory. 
Red dots indicate locations where each taxon was detected. Xerocomellus (found in 28 
samples) was primarily restricted to southern Sweden, whereas Xerocomus (found in 26 
samples) and B. edulis (found in 194 samples) showed broader but still southern 
dominant distribution. S. bovinus (found in 238 samples) was more widely distributed, 
with a higher density of detection in southern Sweden. 
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3.2 The genus Suillus 
Suillus occurrence was positively related with both stand age (β (estimate) = 
0.114, p = 0.0387) (Figure 5A) and square-root transformed stand age (β = 0.131, 
p = 0.0142). Tree species composition showed strong association with Suillus 
presence, with negative correlations with spruce share (β = -0.720, p < 0.001) 
(Figure 5B), other tree species share (β = -0.348, p < 0.001) (Figure 5C) and birch 
share (β = -0.501, p < 0.001) (Figure 5D). A significant negative relationship was 
found between Suillus occurrence and pH (β = -0.163, p = 0.0314) (Figure 5E). 
No significant effects were found for nitrogen deposition and N:C ratio (Table 
B1). The model explained 18.8% of the deviance in Suillus occurrence and had an 
adjusted R² of 0.235. Among the significant predictors, spruce share showed the 
strongest negative association, whereas the effects of stand age and pH were 
comparatively small (Table B1). 
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Figure 5 

Effect plots of stand age (A), spruce share (B), others share (C), birch share (D) and pH 
(E) on genus Suillus occurrence. 

A B 

C D 

E 

Note. The shaded area represents the 95% confidence interval. 

 



19 
 

3.3 The Boletaceae family 
Stand age had a negative and significant association with Boletaceae occurrence 
(β = -0.166, p = 0.0038) (Figure 6A). Spruce share (β = 0.348, p < 0.001) (Figure 
6B) and birch share (β = 0.381, p < 0.001) were significantly positively correlated 
(Figure 6C). There was a negative correlation between occurrence and pH (β = -
0.177, p = 0.0188) (Figure 6D) and a positive association with N:C ratio  (β = 
0.216, p = 0.0161) (Figure 6E). No significant relationship was found with the 
occurrence of Boletaceae and other tree species, square root stand age and 
nitrogen deposition (Table B2). The model explained 8.7% of the deviance in 
Boletaceae occurrence and had an adjusted R² of 0.095. Among the significant 
predictors, tree species composition had the strongest influence on Boletaceae 
occurrence, with positive associations for birch share (β = 0.381) and spruce share 
(β = 0.348). The effects of stand age, soil pH, and N:C ratio were comparatively 
weaker  (Table B2). 
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Figure 6 

Effect plots of stand age (A), spruce share (B), birch share (C), pH (D) and N:C ratio (E)  
on Boletaceae occurrence 

A B 

 
C 

 
D 

 
E 

Note. The shaded area represents the 95% confidence interval. 

 

3.4 Boletus edulis 
A positive relationship was found with the occurrence of B. edulis and spruce 
share (β = 0.284, p = 0.0027) (Figure 7A) and N:C ratio (β = 0.282, p = 0.0474) 
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(Figure 7B). No variables other than spruce share and the N:C ratio were 
significantly associated with B. edulis occurrence (Table B3). The model 
explained 16% of the deviance in B. edulis occurrence and had an adjusted R² of 
0.081. 

Figure 7 

Effect plots of spruce share (A) and N:C ratio (B) on B. edulis occurrence 

A B 
Note. The shaded area represents the 95% confidence interval. 

    

3.5 The genus Leccinum 
Both stand age (β = -0.214, p < 0.001) (Figure 8A) and square-root stand age (β = 
-0.162, p = 0.0072) had a significant negative relation with Leccinum occurrence. 
Spruce (β = 0.269, p < 0.001) (Figure 8B) and birch (β = 0.541, p < 0.001) (Figure 
8C) showed a positive association with Leccinum occurrence, while no significant 
effects were found for other tree species, soil pH, nitrogen deposition and N:C 
ratio (Table B4). The model explained 8.1% of the deviance in Leccinum 
occurrence and had an adjusted R² of 0.076. Birch share showed the strongest 
positive association with Leccinum occurrence, whereas the effects of spruce 
share and stand age were comparatively smaller (Table B4). 
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Figure 8 

Effect plots of stand age (A), spruce share (B) and birch share (C) on genus Leccinum 
occurrence 

A B 

C 

Note. The shaded area represents the 95% confidence interval. 
 

3.6 The genus Xerocomus 
No significant associations were found between Xerocomus occurrence and the 
tested variables (Table 1) (Table B5). The model explained 10.6% of the deviance 
in Xerocomus occurrence and had an adjusted R² of 0.011. 
  



23 
 

 

Table 1  
Results from R showing estimates and p-values of genus Xerocomus. No 
significant associations were found between the variables and Xerocomus 
occurrence. 
Xerocomus 
variables 

Estimate P value 

stand_age_raw -0.4141 0.158 
sqrt_Total.seq 0.3022 0.106 
Spruce.share 0.1127 0.641 
Others.share -0.5338 0.128 
Birch.share 0.1927 0.266 
pH 0.393 0.103 
N_deposition 0.2016 0.641 
NC 0.3522 0.226 
sqrt_stand_age -0.3462 0.133 

 

3.7 The genus Xerocomellus 
Spruce (β = 0.989, p = 0.0423) (Figure 9A), other tree species (β = 0.811, p = 
0.0021) (Figure 9B) and birch (β = 0.689, p = 0.0332) (Figure 9C), were 
significantly positively correlated with occurrence of the genus Xerocomellus. No 
significant effect was found for stand age, square-root transformed stand age, soil 
pH, nitrogen deposition and N:C ratio (Table B6). The model explained 35.2% of 
the deviance in Xerocomellus occurrence and had an adjusted R² of 0.146. Tree 
species composition strongly influenced Xerocomellus occurrence, with spruce 
share showing the strongest positive association, followed by other tree species 
share and birch share (Table B6). 
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Figure 9 

Effect plots of spruce share (A), others share (B) and birch share (C) on genus 
Xerocomellus occurrence 

A B 

C 

Note. The shaded area represents the 95% confidence interval. 
 

3.8 Suillus variegatus 
The occurrence of S. variegatus was positively associated with square-root 
transformed stand age (β = 0.133, p = 0.0193). Spruce (β = -0.679, p < 0.001) 
(Figure 10A), other tree species (β = -0.378, p < 0.001) (Figure 10B) and birch (β 
= -0.435, p < 0.001) (Figure 10C) all showed, together with soil pH (β = -0.451, p 
< 0.001) (Figure 10D), a significant negative correlation with the occurrence of 
this species. Stand age, nitrogen deposition and N:C ratio had no significant 
correlation with the occurrence of S. variegatus (Table B7). The model explained 
24.5% of the deviance in S. variegatus occurrence and had an adjusted R² of 
0.299. 
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Figure 10 

Effect plots of spruce share (A), others share (B), birch share (C) and pH (D) on S. 
variegatus occurrence 

A B 

C D 

Note. The shaded area represents the 95% confidence interval. 
 

3.9 Suillus bovinus 
Spruce (β = -0.190, p = 0.0216) (Figure 11A) showed a negative association, 
together with soil pH (β = -0.265, p = 0.0371) (Figure 11B), with the occurrence 
of S. bovinus. For stand age, square-root stand age, other tree species, birch, 
nitrogen deposition and N:C ratio, no significant relation was found (Table B8). 
The model explained 6.5% of the deviance in S. bovinus occurrence and had an 
adjusted R² of 0.041. 
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Figure 11 

Effect plots of spruce share (A) and pH (B) on S. bovinus occurrence 

A B 

Note. The shaded area represents the 95% confidence interval. 

 

3.10 Suillus luteus 
Whilst spruce showed no significant effect on S. luteus occurrence, other tree 
species (β = -0.358, p = 0.0016) (Figure 12A) and birch (β = -0.322, p = 0.0014) 
(Figure 12B) did show a negative correlation. Soil pH (β = 0.226, p = 0.0364) 
(Figure 12C) and N:C ratio (β = 0.498, p < 0.001) (Figure 12D) showed a positive 
association with the occurrence of S. luteus. The other variables had no significant 
effect, including stand age, square-root stand age and nitrogen deposition (Table 
B9). The model explained 5.9% of the deviance in S. luteus occurrence and had an 
adjusted R² of 0.024. 
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Figure 12 

Effect plots of others share (A) and birch share (B), pH (C) and N:C ratio (D) on S. 
luteus occurrence 

A B 

C D 

Note. The shaded area represents the 95% confidence interval. 

 

3.11 Suillus flavidus 
The occurrence of S. flavidus was negatively influenced by spruce (β = -0.619, p = 
0.00136) (Figure 13A) and birch (β = -0.529, p = 0.0175) (Figure 13B), whilst the 
N:C ratio (β = 0.619, p = 0.0345) (Figure 13C) showed a positive relation. Stand 
age, square-root stand age, other tree species, soil pH and nitrogen deposition had 
no significant effect (Table B10). The model explained 6.1% of the deviance in S. 
flavidus occurrence and had an adjusted R² of 0.015. 
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Figure 13 

Effect plots of spruce share (A), birch share (B) and N:C ratio (C) on S. flavidus 
occurrence 

A B 

C 
Note. The shaded area represents the 95% confidence interval. 
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3.12 Summary results 
Table 2  

Summary of significant relationships found in this study between variables and the 
occurrence of the Boletaceae family, genus Suillus and species within these groups in 
Swedish forests. Positive (+) and negative (-) symbols indicate significant positive or 
negative associations, identified by generalized additive models. Empty cells indicate no 
significant relationship (p < 0.05). The environmental variables include: stand age, 
square-root stand age, tree species composition (spruce, other trees and birch), soil pH, 
nitrogen deposition (N dep.), and nitrogen availability (N:C ratio). 

Taxon / 
Variable 

Stand 
age 

Sqrt. 
Stand 
age 

Spruce Other 
trees 

Birch pH N 
dep. 

N:C 

Suillus 
(genus) 

+ + - - - - 
  

Boletaceae 
(family) 

- 
 

+ 
 

+ - 
 

+ 

Boletus 
edulis 

  
+ 

    
+ 

Leccinum - - + 
 

+ 
   

Xerocomus 
        

Xerocomellus 
  

+ + + 
   

Suillus 
variegatus 

 
+ - - - - 

  

Suillus 
bovinus 

  
- 

  
- 

  

Suillus luteus 
   

- - + 
 

+ 
Suillus 
flavidus 

  
- 

 
- 

  
+ 
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4. Discussion 

This study demonstrates that forest characteristics and soil properties have a 
significant influence on the presence of different species in the family Boletaceae 
and genus Suillus. Although no strong large-scale spatial clustering was observed 
for most taxa, environmental and stand-level variables are themselves spatially 
structured across Sweden. This suggests that the occurrence patterns of these 
ectomycorrhizal fungi are likely influenced by ecological gradients linked to both 
forest characteristics and geographic variation.   

The hypothesis of this study, implying a significant association between forest 
composition and soil properties and the occurrence of Boletaceae and Suillus was 
partly supported by the results. Forest composition showed a clear association 
with the occurrence of members in this fungal community, as reflected by tree 
species composition and stand age. The same was found for soil properties 
indicated by the variables pH and N:C ratio. However, this was not the case for 
nitrogen deposition which contrasts with the hypothesis. A higher occurrence in 
mature stands was not found for all species, this is possibly the case for the genus 
Suillus but not for the Boletaceae family. Nutrient rich soils did seem to be a clear 
indication for higher occurrence of these species as positive associations were 
often found with N:C ratio. 

Tree species composition appeared to be the strongest and most consistent 
predictor of fungal occurrence in the studied taxa. This was shown in previous 
literature, highlighting tree species composition as a primary indicator for the 
presence of different ectomycorrhizal fungal taxa (Rosinger et al., 2018), although 
it differed greatly between species which tree host they preferred. B. edulis 
showed a positive relation with spruce together with Boletaceae, Leccinum and 
Xerocomellus, which also showed a positive association with birch. However, all 
the species in the genus Suillus showed a negative association with these tree 
species. This indicates a broader host range for species of the Boletaceae family, 
which was also found in previous literature (Hall et al., 1998), compared to the 
more specialised host associations found in Suillus species. In current literature, 
Suillus is commonly associated with pine, as many species form specialized 
ectomycorrhizal relationships with this tree species (Liao et al., 2016). The 
negative association with spruce, other trees and birch found in this study for the 
genus Suillus as a whole and S. variegatus supports these findings. Pine was 
excluded from the statistical analysis in R, due to the strong negative correlation 
with spruce and used as reference. However, a negative effect of spruce, birch and 
other trees can thus be interpreted as a positive association with pine. 

Significant effects of stand age were dominantly found in larger fungal 
communities. Suillus had a positive association with stand age and occurrence. 
This positive association means a higher occurrence in older stands, which was 
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also suggested in previous literature, where Suillus occurred more frequently in 
mature stands (Rineau et al., 2015). Some Suillus species have, however, been 
frequently found in younger forests after disturbances (Visser, 1995). Boletaceae 
and Leccinum species showed negative relationships with stand age. The presence 
of Boletaceae in younger stands was previously found in a study of Hall et al. 
(1998). While in this study the Boletaceae family and Leccinum genus were more 
frequently found in younger stands, suggesting a possible preference for younger 
forests. The variation of occurrence for these species reflects the differences in 
colonization strategies and indicates a difference in ecological niches for these 
fungi of the Boletes order.  

Higher soil pH was generally negatively correlated with fungal occurrence, 
suggesting a preference for acidic soils for this fungal community. Acidic soils are 
typically found in boreal forests in Sweden, demonstrating that these 
ectomycorrhizal fungi are adapted to low pH environments. S. luteus showed a 
positive relationship with pH, suggesting that some species may tolerate or prefer 
less acidic conditions. S. luteus was found in previous literature to grow best in 
soil with pH of 5 (Barros et al., 2006). While most soil samples in this study were 
acidic, pH values around 5 represented the less acidic conditions within the 
sampled soils.  

Nitrogen availability is often reported to influence ectomycorrhizal 
communities heavily (Lilleskov & Bruns, 2001). However, in contrast to these 
expectations, nitrogen deposition did not show a significant effect on the 
occurrence of any of the studied taxa. A possible explanation for this result could 
be the strong correlation between latitude and nitrogen deposition, which were 
both included in the model, decreasing the accuracy of the results, since the 
effects of both could not be interpreted by the model. Nonetheless, the N:C ratio 
was positively correlated with many taxa, including Boletaceae, B. edulis, S. 
luteus and S. flavidus, suggesting that nutrient richness in the soil may play a role 
in the spatial distribution of these fungi.  

No significant relationships were found for the occurrence of genus 
Xerocomus. This either indicates a broader ecological tolerance or could be the 
result of limited findings of these fungi. This genus was only found in 26 of the 
total 2277 samples, which may have been too few to find indicators for their 
presence. B. edulis showed a limited number of significant predictors, suggesting 
that its occurrence may be influenced by a broader ecological tolerance or by 
environmental variables not included in this study. The results of the genus Suillus 
should be interpreted with caution, since S. variegatus was found considerably 
more often in the samples than the other Suillus species included in this study. 
The results are likely to represent S. variegatus, rather than being fully 
representative of the genus as a whole.  
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Although several variables showed significant associations with fungal 
occurrence, the explanatory power of many models remained low. Several species 
had less than 10% proportion of deviance explained, suggesting that important 
variables were not included in the analyses. Factors such as soil moisture, soil 
texture, light availability and environmental variables could possibly explain the 
spatial distribution of these fungi more accurately. Therefore, the identified 
relationships should be interpreted as important associations rather than a 
complete explanation of the ecological niches of these fungi. 
 

4.1 Forest management implications 
The findings of this study suggest that forest management practices may indirectly 
affect Boletaceae and Suillus species in Swedish forests. Tree species composition 
appeared to be associated with their occurrence the most, with Boletaceae 
showing a broad host range and for some Suillus species a greater importance for 
pine dominated stands. Maintaining a variation of tree species, including some 
pine dominant patches within a stand could contribute to maintaining suitable 
habitat for these species. 

Stand age also influenced their fungal occurrence patterns, with Suillus 
occurring more in older forests and Boletaceae and Leccinum appearing more 
frequently in younger stands. Different forest age classes in a stand may help 
sustain different ecological niches and support these fungal species. 

Soil properties may play a role in maintaining suitable habitats, as several taxa 
showed positive associations with nutrient availability (N:C ratio), while many 
fungal species appeared to prefer acidic soil conditions. Although soil 
characteristics were not directly linked to specific forest management practices in 
this study, management influencing soil conditions may indirectly contribute to 
supporting these fungal communities. 

Forest management strategies supporting these fungi could contribute to a 
stable habitat and occurrence of these mushrooms, while also maintaining 
recreational ecosystem services, including mushroom foraging opportunities in 
Swedish forests. 
 

4.2 Limitations 
4.2.1 DNA metabarcoding 
For gathering the soil data, DNA metabarcoding based on ITS sequences was 
used, which is a widely used approach and makes large-scale assessment of fungal 
communities possible. Since this method relies on random sampling of 
environmental DNA, it reduces the probability of detecting rare species and even 
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an extremely common one in Swedish forests called the Golden Chanterelle 
(Cantharellus cibarius) (Lindahl et al., 2026). This indicates that this method 
show some limitations, since mushrooms from the Boletes order could have been 
missed or could have been found in random samples of habitats where they are 
commonly not present. Another limitation of DNA metabarcoding is that it cannot 
distinguish between dead and living organisms, showing only the presence and 
not whether the fungal community is actually alive in this sample (Rossmann et 
al., 2021). The samples that were gathered in the forests were sent by regular mail 
to the lab, taking some samples up to 47 days, because of the remoteness of some 
sampling areas. The effect of transportation of soil samples used for the analysis 
of DNA metabarcoding has not been researched excessively, but some studies 
indicates that it affects the accuracy of fungal analyses (Clasen et al., 2020). In 
Lindahl et al. (2026), ”time until frozen” was included in statistical analyses, but 
had little influence. Suggesting that storage has stronger effects on relative 
abundance of different taxa than on presence-absence. 

4.2.2 The genus Leccinum 
The accuracy of the results of the genus Leccinum is limited by the used dataset in 
this study. The samples used in this paper were mostly conifer dominated, with 
few broadleaf dominated stands. This represents Sweden accurately, although it 
might result in less accurate results for the genus Leccinum. Leccinum occur 
mainly in broadleaf stands, as they are typically associated with broadleaf host 
trees and have a high host driven specialisation (Budau et al., 2026). Since there is 
little data included on their normal preferred habitat, the results should be 
interpreted with caution. 
 

4.2.3 Xerocomus and Xerocomellus 
Among the species in the genus Xerocomus and Xerocomellus there have been a 
lot of changes in taxonomy. First, all the species were in the genus Xerocomus, 
but many of these species were later placed in different genera, since Xerocomus 
was found to be polyphyletic. The species used in this study were identified 
according to the current taxonomic framework as outlined by Jaroslav Šutara, 
while we looked at Xerocomus ferrugineus, Xerocomus subtomentosus and 
Xerocomellus pruinatus (Šutara, 2008). 
 

4.2.4 Data Processing and Statistical Analysis 
With the usage of both R and Excel there are several methodological 
considerations. Excel was used for filtering the data of the entire order Boletes on 
taxonomic level, to sort it into different analytical levels (family, genus and 



34 
 

species). This resulted in a clearer overview of the fungal data and allowed sub 
setting of relevant taxa such as the Boletaceae and Suillus.  

The data of the fungal occurrence was made into a binary presence-absence 
variable, which was in line with the focus of the research on distribution patterns 
instead of abundance. This binary approach results in a loss of ecological detail, 
such as relative abundance and detection intensity between samples. However, it 
reduced the noise associated with sequencing depth and detection variability in 
soil DNA datasets.  

The samples that are used in this paper from the Swedish Forest Soil Inventory 
are sampled throughout Sweden, with a higher intensity in the South. The reason 
for the higher intensity of sampling in the south is a greater diversity in the forests 
compared to northern Sweden. This results in an overrepresentation of southern 
Sweden in the dataset, which should be considered when interpreting the results. 
Because some samples were collected in close proximity to each other, it was 
important to use Generalized Additive Models (GAM). By making use of the 
smoother for longitude and latitude the spatial autocorrelation was partly 
accounted for, ignoring spatial structure would otherwise lead to inaccurate 
results. The GAM also accounts for the ecological relationships between fungal 
occurrence and forest characteristics, which are often non-linear. 

Since the forest characteristics are measured on different scales it could result 
in the models making certain characteristics more important. The z-
standardization of the variables accounted for this scale difference and made it 
easier to compare the results and aided in the accuracy of the models.  

To identify strongly correlated variables, a correlation matrix was used, with a 
limit of 0.7. This limit was chosen with the use of a paper from J. de Winter 
reviewing multicollinearity in statistical analysis, in which the limit is stated by 
different researchers from >0.7 (Dormann et al., 2013) up to 0.9 (Mason & 
Perreault, 1991) (De Winter, 2025). This value was chosen because it was the 
lowest value, resulting in the most reliable results. When characteristics were 
correlated above this threshold, they were separated into different models, which 
was the case for stand age and square-root stand age. By separating these 
variables, instability in parameter estimation was prevented and allowed 
comparison of alternative ecological hypotheses of linear versus non-linear stand 
age effect. Accounting for the hypothesis of larger changes in young forests 
compared to older forests. While latitude and nitrogen deposition were also 
correlated above the 0.7 threshold, both variables were retained in the model 
because latitude was needed to account for spatial autocorrelation, while nitrogen 
deposition represented a separate environmental variable with potential ecological 
effects on ectomycorrhizal fungi. Overall, strong correlations were addressed by 
separating variables into different models, some remaining weaker correlations 
between forest characteristics remained in the models such as stand age, pH and 
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N:C ratio (Lindahl et al., 2026), making it more difficult to interpret their 
individual effects on the occurrence of fungi. This means the results should be 
interpreted with some caution, as some variables overlap and explain the same 
patterns in the data. 

The models per taxonomic selection were chosen with the use of Akaike’s 
Information Criterion (AIC), which gave an objective way to compare models and 
see the contribution of individual forest characteristics. While AIC is often used in 
statistical analysis, it does not account for the most ecologically significant model, 
creating the risk that the chosen model is not the most ecologically meaningful. 
To prevent this risk, the model excluding square-root stand age, but including all 
the other variables, was used for the results, since the AIC did not differ greatly 
between the other models. The models were evaluated with the use of DHARMa 
and GAM-specific checks. This made assessment of residual patterns, dispersion, 
uniformity and outliers possible, increasing the chances of reliable results. The 
concurvity check improved this reliability, but despite these efforts, some 
limitations remain. Not all environmental variables were calculated and accounted 
for in these samples, while these could be correlated with the forest characteristics 
that were included in this paper. With future inclusion of other environmental 
variables, it may improve the model performance and increase the accuracy of the 
results. Increasing our understanding of the effects of forest characteristics on 
fungal presence.  

In conclusion, despite these caveats, this study suggests that forest 
characteristics such as tree species composition, stand age and soil properties are 
associated with Boletaceae and Suillus occurrence in Swedish forests. While some 
expected effects, such as nitrogen deposition, were not found, this may be related 
to correlations between environmental variables and methodological limitations. 
The relatively low proportion of deviance explained by several models suggests 
that additional environmental variables may influence fungal occurrence. Future 
research including more environmental variables and samples could help to 
further clarify these relationships between environmental variables and improve 
our understanding of preferred habitats of ectomycorrhizal communities.  

Nevertheless, the findings of this study contribute to a better understanding of 
the ecological niches of Boletaceae and Suillus, with potential future use for forest 
management and recreational foraging. The results suggest that tree species 
composition, stand age and soil properties may play an important role in 
maintaining ectomycorrhizal fungal communities in Swedish forests. Maintaining 
variation in forest composition and stand structure could therefore contribute to 
the conservation of different fungal taxa. 
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Appendix A 

Figure A1  

Spatial distribution of the genus Suillus across Sweden based on soil DNA samples from 
the Swedish Forest Soil Inventory. Red dots indicate samples where Suillus was detected, 
showing visually no clear signs of clustering. Genus Suillus was found in 1220 of the 
2277 samples. 

 

Figure A2  

Spatial distribution of S. luteus across Sweden based on soil DNA samples from the 
Swedish Forest Soil Inventory. Red dots indicate samples where S. luteus was detected, 
showing visually no clear signs of clustering. S.luteus was found in 164 of the 2277 
samples. 
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Figure A3  

Spatial distribution of S. flavidus across Sweden based on soil DNA samples from the 
Swedish Forest Soil Inventory. Red dots indicate samples where S. flavidus was detected, 
showing visually no clear signs of clustering. S. flavidus was found in 50 of the 2277 
samples. 

 

Figure A4  

Spatial distribution of S. variegatus across Sweden based on soil DNA samples from the 
Swedish Forest Soil Inventory. Red dots indicate samples where S. variegatus was 
detected, showing visually no clear signs of clustering. S. variegatus was found in 1013 of 
the 2277 samples. 
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Figure A5 

Spatial distribution of the family Boletaceae across Sweden based on soil DNA samples 
from the Swedish Forest Soil Inventory. Red dots indicate samples where Boletaceae was 
detected, showing visually no clear signs of clustering. The family Boletaceae was found 
in 706 of the 2277 samples. 

 

Figure A6  

Spatial distribution of the genus Leccinum across Sweden based on soil DNA samples 
from the Swedish Forest Soil Inventory. Red dots indicate samples where Leccinum was 
detected, showing visually no clear signs of clustering. Genus Leccinum was found in 454 
of the 2277 samples. 
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Appendix B 

Table B1 

Results of the generalized additive model (GAM) for occurrence of the genus Suillus, 
showing estimated coefficients, standard errors, z-values, p-values and significance of the 
explanatory variables. Significant relationships (p < 0.05) are indicated with “X”. 

Suillus genus variables Estimate Std. Error Z value P value Significance 
(Intercept) 0.182 0.04841 3.758 <0.001 X 
stand_age_raw 0.114 0.05508 2.067 0.039 X 
sqrt_Total.seq 0.381 0.05154 7.400 <0.001 X 
Spruce.share -0.720 0.0563 -12.791 <0.001 X 
Others.share -0.348 0.06748 -5.164 <0.001 X 
Birch.share -0.501 0.0542 -9.251 <0.001 X 
pH -0.163 0.07582 -2.152 0.031 X 
N_deposition 0.035 0.14797 0.238 0.812 

 

NC 0.112 0.09317 1.210 0.226 
 

sqrt_stand_age 0.131 0.05342 2.453 0.0142 X 

 

Table B2  

Results of the generalized additive model (GAM) for occurrence of the Boletaceae family, 
showing estimated coefficients, standard errors, z-values, p-values and significance of the 
explanatory variables. Significant relationships (p < 0.05) are indicated with “X”. 

Boletaceae 
family variables 

Estimate  Std.Error z value P value Significance 

(Intercept) -0.89435 0.04942 -18.097 <0.001 X 
stand_age_raw -0.16562 0.05715 -2.898 0.004 X 
sqrt_Total.seq 0.3257 0.04907 6.637 <0.001 X 
Spruce.share 0.34802 0.05632 6.179 <0.001 X 
Others.share 0.07748 0.06265 1.237 0.21619 

 

Birch.share 0.3807 0.0507 7.509 <0.001 X 
pH -0.17678 0.07523 -2.350 0.019 X 
N_deposition 0.14257 0.12567 1.134 0.257 

 

NC 0.21551 0.08951 2.408 0.016 X 
sqrt_stand_age -0.08836 0.05306 -1.665 0.096 
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Table B3  

Results of the generalized additive model (GAM) for occurrence of B. edulis, showing 
estimated coefficients, standard errors, z-values, p-values and significance of the 
explanatory variables. Significant relationships (p < 0.05) are indicated with “X”. 

Boletus edulis 
variables 

Estimate  Std.Error z value P value Significance 

(Intercept) -3.077001 0.143224 -21.484 <0.001 X 
stand_age_raw -0.167365 0.11408 -1.467 0.142 

 

sqrt_Total.seq 0.338632 0.078179 4.332 <0.001 X 
Spruce.share 0.283724 0.09467 2.997 0.003 X 
Others.share 0.001245 0.097771 0.013 0.989 

 

Birch.share -0.042843 0.098092 -0.437 0.662 
 

pH -0.234942 0.12804 -1.835 0.067 
 

N_deposition 0.300548 0.215051 1.398 0.162 
 

NC 0.28155 0.141998 1.983 0.047 X 
sqrt_stand_age -0.085728 0.093942 -0.913 0.361 

 

 

 

Table B4  

Results of the generalized additive model (GAM) for occurrence of the genus Leccinum, 
showing estimated coefficients, standard errors, z-values, p-values and significance of the 
explanatory variables. Significant relationships (p < 0.05) are indicated with “X”. 

Leccinum genus 
variables 

Estimate Std.Error z value P value Significance 

(Intercept) -1.52127 0.05826 -26.111 <0.001 X 
stand_age_raw -0.21388 0.06466 -3.308 <0.001 X 
sqrt_Total.seq 0.2853 0.05454 5.231 <0.001 X 
Spruce.share 0.26948 0.06583 4.094 <0.001 X 
Others.share 0.0445 0.08001 0.556 0.578 

 

Birch.share 0.54109 0.05367 10.083 <0.001 X 
pH -0.06371 0.08501 -0.75 0.454 

 

N_deposition 0.13348 0.12991 1.027 0.304 
 

NC 0.11688 0.10089 1.158 0.247 
 

sqrt_stand_age -0.16197 0.0603 -2.686 0.00723 X 
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Table B5  

Results of the generalized additive model (GAM) for occurrence of the genus Xerocomus, 
showing estimated coefficients, standard errors, z-values, p-values and significance of the 
explanatory variables. Significant relationships (p < 0.05) are indicated with “X”, 
although no significant relationships were found. 

Xerocomus 
genus variables 

            Estimate Std.Error   z value P value 

(Intercept) -4.9575 0.2813 -17.621 <0.001 
stand_age_raw -0.4141 0.2934 -1.412 0.158 
sqrt_Total.seq 0.3022 0.1867 1.619 0.106 
Spruce.share 0.1127 0.242 0.466 0.641 
Others.share -0.5338 0.351 -1.521 0.128 
Birch.share 0.1927 0.1732 1.113 0.266 
pH 0.393 0.2409 1.631 0.103 
N_deposition 0.2016 0.4322 0.466 0.641 
NC 0.3522 0.2906 1.212 0.226 
sqrt_stand_age -0.3462 0.2306 -1.502 0.133 

 

Table B6  

Results of the generalized additive model (GAM) for occurrence of the genus 
Xerocomellus, showing estimated coefficients, standard errors, z-values, p-values and 
significance of the explanatory variables. Significant relationships (p < 0.05) are 
indicated with “X”. 

Xerocomellus genus 
variables 

Estimate Std. 
Error 

z value P 
value 

Signific
ance 

(Intercept) -7.572223 0.88135 -8.592 <0.001 X 
stand_age_raw 0.522679 0.29752 1.757 0.078 

 

sqrt_Total.seq 0.353816 0.21660 1.633 0.102 
 

Spruce.share 0.988742 0.48680 2.031 0.042 X 
Others.share 0.810896 0.26409 3.071 0.002 X 
Birch.share 0.689421 0.32372 2.130 0.033 X 
pH -0.088236 0.25310 -0.349 0.727 

 

N_deposition -0.119152 0.51111 -0.233 0.816 
 

NC -0.004917 0.33664 -0.015 0.988 
 

sqrt_stand_age 0.481671 0.25345 1.900 0.057 
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Table B7  

Results of the generalized additive model (GAM) for occurrence of S. variegatus, 
showing estimated coefficients, standard errors, z-values, p-values and significance of the 
explanatory variables. Significant relationships (p < 0.05) are indicated with “X”. 

Suillus variegatus 
variables 

Estimate Std. Error z value P value Significance 

(Intercept) -0.3534 0.05278 -6.695 <0.001 X 
stand_age_raw 0.09794 0.0569 1.721 0.085 

 

sqrt_Total.seq 0.35953 0.05277 6.813 <0.001 X 
Spruce.share -0.67873 0.05816 -11.669 <0.001 X 
Others.share -0.37793 0.09323 -4.054 <0.001 X 
Birch.share -0.43482 0.05875 -7.402 <0.001 X 
pH -0.45093 0.09235 -4.883 <0.001 X 
N_deposition -0.10544 0.16689 -0.632 0.527 

 

NC 0.04832 0.1084 0.446 0.655 
 

sqrt_stand_age 0.13283 0.05678 2.340 0.019 X 
 
 

Table B8  

Results of the generalized additive model (GAM) for occurrence of S. bovinus, showing 
estimated coefficients, standard errors, z-values, p-values and significance of the 
explanatory variables. Significant relationships (p < 0.05) are indicated with “X”. 

Suillus bovinus 
variables 

Estimate Std. Error z value P value Significance 

(Intercept) -2.305 0.078 -29.745 <0.001 X 
stand_age_raw 0.009 0.08102 0.107 0.914 

 

sqrt_Total.seq 0.311 0.06734 4.623 <0.001 X 
Spruce.share -0.189 0.0825 -2.298 0.021 X 
Others.share -0.097 0.10259 -0.952 0.341 

 

Birch.share -0.168 0.08865 -1.892 0.058 
 

pH -0.265 0.12721 -2.084 0.0371 X 
N_deposition 0.296 0.21047 1.407 0.159 

 

NC 0.260 0.14211 1.835 0.066 
 

sqrt_stand_age 0.004 0.07873 0.048 0.961 
 

 



49 
 

Table B9  

Results of the generalized additive model (GAM) for occurrence of S. luteus, showing 
estimated coefficients, standard errors, z-values, p-values and significance of the 
explanatory variables. Significant relationships (p < 0.05) are indicated with “X”. 

Suillus luteus 
variables 

Estimate Std. Error z value P value Significance 

(Intercept) -2.73405 0.09285 -29.446 <0.001 X 
stand_age_raw -0.06352 0.09405 -0.675 0.499 

 

sqrt_Total.seq 0.33016 0.07845 4.208 <0.001 X 
Spruce.share -0.17258 0.09338 -1.848 0.064 

 

Others.share -0.35759 0.11302 -3.164 0.002 X 
Birch.share -0.32228 0.10086 -3.195 0.001 X 
pH 0.22599 0.10802 2.092 0.036 X 
N_deposition 0.08264 0.2036 0.406 0.684 

 

NC 0.49845 0.13841 3.601 <0.001 X 
sqrt_stand_age -0.01391 0.08816 -0.158 0.874 

 

 

Table B10  

Results of the generalized additive model (GAM) for occurrence of S. flavidus, showing 
estimated coefficients, standard errors, z-values, p-values and significance of the 
explanatory variables. Significant relationships (p < 0.05) are indicated with “X”. 

Suillus 
flavidus 
variables 

Estimate Std. Error z value P value Significance 

(Intercept) -412.499 0.18747 -22.004 <0.001 X 
stand_age_raw -0.055 0.1489 -0.373 0.709 

 

sqrt_Total.seq 0.16285 0.14083 1.156 0.247 
 

Spruce.share -0.61942 0.19336 -3.203 0.001 X 
Others.share -0.30491 0.22163 -1.376 0.168 

 

Birch.share -0.52924 0.22268 -2.377 0.017 X 
pH -0.26184 0.25682 -1.020 0.307 

 

N_deposition -0.23407 0.3491 -0.67 0.502 
 

NC 0.61891 0.29273 2.114 0.035 X 
sqrt_stand_age -0.04154 0.14919 -0.278 0.780 
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Publishing and archiving 

☒ YES, I, Thom van Lent, have read and agree to the agreement for publication 
and the personal data processing that takes place in connection with this  

☐ NO, I/we do not give my/our permission to publish the full text of this work. 
However, the work will be uploaded for archiving and the metadata and summary 
will be visible and searchable. 
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