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A B S T R A C T

Scots pine blister rust (SPBR), caused by the rust fungus Cronartium pini, has existed in Swedish pine forests for 
approximately 200 years. However, recent outbreaks have led to substantial damage in young Scots pine stands, 
particularly in northern Sweden. A better understanding of the current epidemics and the environmental factors 
influencing their occurrence is essential for sustainable forest management. In 2021 and 2022, field surveys were 
conducted in young forest stands across northern Sweden to assess SPBR incidence, alongside the collection of 
geographical, topographical, and vegetation data. Additionally, to investigate climate impact on SPBR, historical 
and projected climate data were obtained from public databases. The surveys revealed frequent presence and 
high incidence of SPBR in Norrbotten, with the highest observed disease incidence reaching 48.8 %. Using lo
gistic regression with generalized linear mixed models and beta regression, we found that SPBR prevalence and 
higher incidence were significantly associated with higher elevation, moist soil conditions, and higher abundance 
of the telial host Melampyrum spp. Moreover, warmer temperatures combined with higher precipitation were also 
positively correlated with higher disease incidence. Based on future climate projections under various Repre
sentative Concentration Pathway (RCP) scenarios, we estimated the potential impact of climate change on SPBR 
dynamics. The results suggest that rising temperatures and precipitation levels may have a greater impact on 
SPBR risk in Norrbotten, the estimated absolute increase in disease incidence may reach 20 % by the end of the 
21st century with RCP8.5. In other RCP scenarios, the climate impact on SPBR incidence increase is generally 
modest, typically below 5 %.

1. Introduction

Scots pine (Pinus sylvestris) is one of the most important tree species 
in Sweden, comprising 39.4 % of the total growing stock in Swedish 
forests in 2022 (SLU National Forest Inventory, 2023). Scots pine can 
thrive in less fertile, acidic, and nutrient-poor soils due to its deep root 
system (Ostonen et al., 2007). In northern Sweden, Scots pine is claimed 
to have significantly higher gross stem-wood production than Norway 
spruce (Picea abies) (Nilsson et al., 2012). However, forests in northern 
Sweden, particularly young pine forests, face multiple threats from 
abiotic and biotic disturbances, including moose browsing and fungal 
pathogens (Wulff et al., 2022). Scots pine blister rust (SPBR) is among 
the most severe forest diseases in this region, causing substantial dam
age and economic losses (Skogsstyrelsen, 2017).

SPBR is caused by the rust fungus Cronartium pini; this pathogen has 
two different life-cycle forms (Samils and Stenlid, 2022). The autoecious 

(non-host-alternating) form has a simple life-cycle on pine. The heter
oecious (host-alternating) form has a complex macrocyclic life-cycle 
that requires two different hosts: an aecial host, such as the Scots 
pine, and a telial host, such as Melampyrum spp. The small cow-wheat 
(M. sylvaticum) is one of the most important telial hosts in northern 
Fennoscandia (Kaitera and Hantula, 1998). Both forms infect pine 
through the current year’s needles or shoots and grow towards the stem, 
eventually forming perennial cankers on branches and stems that pro
duce aeciospores during summer. Infected branches and stems exhibit 
excessive resin exudation and deformation (Kaitera et al., 2021), with up 
to 70 % reduction in radial increment (Martinsson and Nilsson, 1987). 
Severe infections may girdle stems and kill the top or entire tree, posing 
significant risks to both production and natural forests in northern 
Sweden. SPBR has long been present in the forests of Fennoscandia, 
occasionally causing severe damage during the past century (Kaitera 
et al., 1994; Rennerfelt, 1947). Over the past few decades, increasing 
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SPBR outbreaks in young Scots pine forests have been reported, leading 
to considerable forest damage (Wulff and Hansson, 2013, 2009). The 
causes of recent SPBR epidemics in Sweden remain unclear.

Efforts to control SPBR include selective breeding (Persson et al., 
2024), but resistant Scots pine material has not yet been released. 
Several silvicultural strategies, such as pruning infected branches and 
thinning susceptible trees, have been tested (Kaitera, 2002; Samils and 
Stenlid, 2022). However, these methods can be labour-intensive, time 
sensitive (Kim et al., 2021; Schnepf and Schwandt, 2006), and some
times ineffective due to the pathogen’s latent growth (Zeglen and 
Diprose, 2021). Given the importance of M. sylvaticum in the pathogen’s 
life cycle, prescribed burning has been tested as a control measure. 
Nevertheless, studies have reported rapid reappearance of M. sylvaticum 
(Marozas et al., 2007; Ruokolainen et al., 2006) and no significant 
reduction in disease incidence (Tillberg, 2010).

These challenges, increasing SPBR epidemics and the lack of effec
tive management strategies, highlight the importance of epidemiolog
ical studies on this disease. Advances in statistical tools, such as 
generalized linear mixed models and beta regression, have enabled the 
analysis of complex multivariate data in plant pathology (Garrett et al., 
2004; Martínez-Minaya et al., 2021). These methods can identify key 
variables associated with disease epidemics, support disease prediction 
at various spatial scales, and inform decision-making (Garrett et al., 
2004). In multivariate analysis studies, forest disease epidemics are 
often associated with topographical factors and meteorological/climate 
factors (Iturritxa et al., 2015; Dudney et al., 2021), the latter is especially 
crucial to investigate due to climate change. The impact of climate 
change on plant disease epidemics has been widely discussed, both 
globally with many plant pathogens (Chaloner et al., 2021; Rosenzweig 
et al., 2014) and locally with specific pathogens (Dudney et al., 2021; 
Robin et al., 2017). This issue is particularly relevant for Sweden and 
other Nordic countries, where higher latitudes are warming more 
rapidly and may experience more severe ecological impacts (Post et al., 
2019). A recent study found that most crop diseases were projected to 
increase in Scandinavia under climate change, especially under high 
carbon emission scenarios (Strandberg et al., 2024). Increased temper
ature and precipitation, both of which are predicted for Sweden, are 
likely to favor the growth and spread of many forest pathogens, 
including rust fungi. For instance, Samils and Stenlid (2022) proposed 
changing climate conditions to be one of the potential explanations of 
rising SPBR epidemics in Sweden.

To analyse the relationship between environmental factors and 
SPBR, high-quality, complete, and reliable data of disease assessment is 
essential (Nutter et al., 2006). SPBR in Swedish forest is easiest to di
agnose in June and July, when orange-yellow spore-bearing aecia are 
visible (Samils and Stenlid, 2022). If assessments are done outside this 
optimal time window, inactive cankers may be confused with other 
diseases, and survey errors can occur. In addition, the telial host 
M. sylvaticum is most easily recognized in northern Sweden from late 
June to early July by its yellow flowers and clustered growth 
(Dalrymple, 2007). In the summers of 2021 and 2022, the Forestry 
Research Institute of Sweden (Skogforsk) conducted extensive surveys to 
assess SPBR distribution and severity in young Scots pine forests in 
northern Sweden (Svennerstam, 2023). These surveys collected 
comprehensive data on geographic, topographic, and vegetation con
ditions, providing an excellent basis for identifying SPBR risk factors. 
Additionally, historical climate reanalysis and future climate projections 
with suitable spatial resolutions are available to explore the relation
ships between climate conditions and SPBR absence/presence and 
incidence.

By integrating field survey data with historical climate records and 
applying multivariate analysis methods, this project aims to identify the 
risk factors associated with SPBR. Our primary hypothesis is: the pres
ence and high disease incidence of SPBR are associated with 
geographical, topographical, vegetation and climate factors. Further
more, based on the disease models, we also aim to assess the potential 

impact of future climate scenarios on SPBR dynamics in northern 
Sweden.

2. Methods

2.1. Surveys of young Scots pine forest stands in northern Sweden

Surveys were conducted between June and July in both 2021 and 
2022, encompassing 420 Scots pine stands in northern Sweden, specif
ically in the counties of Norrbotten (BD), Västerbotten (AC), Jämtland 
(Z), and Västernorrland (Y). Data from Jämtland and Västernorrland 
were pooled together, so the data covered three regions with similar 
sizes. The stand age in the survey year was calculated based on the pine 
planting year. Most stands were 10–30 years old, with one exception of 
nine years. Stands in this age-span are considered to be relatively young 
given a 100-year rotation time on average in northern Sweden (SLU 
National Forest Inventory, 2023). In each stand, six to ten circular plots 
(100 m2) were arbitrarily selected from a pre-determined 40 m × 40 m 
grid projected over each stand. Hence, plots were spatially independent 
with a minimum distance of 40 m between the centre of adjacent plots. 
In total, 3373 plots were surveyed. The field assessments followed a 
tailored protocol specifically developed for the inventory project 
(Svennerstam, 2023).

A detailed list of the variables included in the analyses is in Sup
plementary Table 1. Data collected from each plot included disease 
absence/presence, geographical information, topographical character
istics, and vegetation characteristics. Plot-level data were aggregated to 
the stand level: the number of infected and healthy pines from all plots 
were used to summarize the SPBR disease incidence in each stand; other 
numerical variables were averaged; while categorical or ranked vari
ables were represented by the most frequently occurring value.

2.2. Curation of climate data

Historical and projected climate data were retrieved from the COR
DEX regional climate model dataset (Copernicus Climate Change Service 
and Climate Data Store, 2019), using the global climate model 
CNRM-CERFACS-CM5 and the regional climate model 
CNRM-ALADIN63. The dataset covered the European domain with a 
spatial resolution of 0.11◦ × 0.11◦ (approximately 10 km × 5 km) and 
included both historical reanalysis and future climate projections.

Based on previous studies on Cronartium spp. and other rust patho
gens (Dudney et al., 2021; Newcomb et al., 2010; Samils and Stenlid, 
2022), we selected temperature, precipitation, and relative humidity 
(RH) as the key climate variables. These were represented in the dataset 
as 2-meter temperature (K), mean precipitation flux (kg m⁻² s⁻¹), and 
2-meter relative humidity (%), respectively. Daily averages for these 
variables were retrieved for the period 1990–2100, but only data from 
May 1 to October 30 were used, as this corresponds to the vegetation 
season in northern Sweden.

Historical Climate Data: For each stand, historical climate data were 
averaged over the period from the year of stand establishment up to the 
year prior to the survey. For example, for a stand established in 2001 and 
surveyed in 2021, climate data from 2001 to 2020 were included. 
Twenty-seven variables were generated, representing the three climatic 
factors across nine time periods (May–October, May–July, August–Oc
tober, and individual months from May to October).

Climate Projection Data: Future climate conditions were summarized 
for two time windows: 2041–2070 and 2071–2100, under three 
Representative Concentration Pathway (RCP) scenarios: RCP2.6, 
RCP4.5, and RCP8.5 (van Vuuren et al., 2011). This generated six 
climate projection datasets, each containing the same 27 climate vari
ables as in the historical data, calculated as 30-year averages for May to 
October.
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2.3. Multivariate analysis

Two datasets—plot-level of disease absence/presence and stand- 
level of disease incidence—were generated from the survey data. After 
removing entries with missing data, 3321 plots and 415 stands were 
included in the final analysis. Climate data were merged with the survey 
data based on geographic coordinates. All statistical analyses were 
conducted using R software in RStudio. All data visualizations were 
processed with the package ggplot2.

2.3.1. Plot-level analysis with logistic regression of SPBR absence/presence
The total number of trees affected by SPBR (including production/ 

main stem and potentially developable/secondary stem) was converted 
into a binary response variable, Cron, to represent SPBR absence/pres
ence (1 = positive/presence of SPBR, 0 = negative/absence). All 
numeric explanatory variables were standardized to have a mean of 
0 and a standard deviation of 1 using the scale function.

Logistic regression using generalized linear mixed models (GLMMs) 
with a binomial logit-link function was used to identify significant 
predictors of SPBR absence/presence. Cron was the response variable, 
Stand ID (ID) was treated as the random variable. The dataset was split 
into training (80 %) and testing (20 %) subsets using the crea
teDataPartition function for model validation.

Prior to the regression analyses, pairwise correlations between 
explanatory variables were assessed using Pearson’s r. Variables with 
high correlation (r > 0.5) were reviewed, and only one from each 
correlated pair was retained to reduce multicollinearity. For example, 
longitude (lon) is highly correlated with latitude (lat) and elevation (E), 
and stand age (Age) is highly correlated with pine height (Hp) and pine 
diameter (Dp); therefore, only lon, E, and Age were included in the re
gressions. Initial models were constructed using geographical, topo
graphical, and vegetation variables. Variance inflation factors (GVIF and 
GVIF^(1/(2*Df))) were calculated for each model using the vif function 
from the car package. The best-fitting, most parsimonious model was 
selected based on Akaike Information Criterion (AIC), Bayesian Infor
mation Criterion (BIC), area under the curve (AUC), sensitivity, speci
ficity, and overall accuracy. The latter four indices were calculated by 
the confusionMatrix function in caret package and the roc function in the 
pROC package. Climate variables—including average temperature, 
precipitation, and RH of different time windows in the stand where the 
plot was located—were then added to assess their effects. The best 
model was selected as mentioned above.

2.4. Stand-level analysis with beta regression of SPBR incidence

SPBR disease incidence (DI) was defined as the proportion of main 
stems and secondary stems infected with SPBR. DI was transformed 
using the formula: DIT =

DI×(N− 1) + 0.5
N , where N was the number of forest 

stands included in the analysis. DIT was treated as the response variable 
in the analysis. All numeric explanatory variables were standardized to 
have a mean of 0 and a standard deviation of 1 using the scale function. 
Historical climate data were standardized together with climate pro
jection data, then only historical climate data were used in the model
ling, and the climate projection data were used in the later prediction.

The distribution of DIT was tested with fitdist function in the logspline 
package and Goodness-of-fit statistics in the fitdistrplus package. DIT was 
modelled using beta regression, as it followed a beta distribution 
(Supplementary Figure 1). Model selection followed the same approach 
as in Section 2.3.1: a core panel of geographical, topographical, and 
vegetation variables was established first, followed by the inclusion of 
climate variables. The optimal model was chosen based on AIC, likeli
hood, and pseudo R² values. The DIT predicted from the best-performed 
beta regression model were back transformed to predicted DI using the 
formula DI = DIT ×N− 0.5

N− 1 , and then plotted on the map together with 
the observed DI based on the survey. Stands were classified as SPBR- 

negative if the predicted DI was below 0.005 (0.5 %).

2.5. Predicting the climate change impact on SPBR incidence

To assess the impact of climate change on SPBR incidence, other 
explanatory variables from the stand-level survey data were combined 
with each of the six climate projection datasets (two time periods with 
three RCP scenarios) based on the coordinates of the stands. The climate 
projection data were standardized as mentioned in Section 2.4.

Predictions were made using the best-fit beta regression model 
identified in Section 2.4. Predicted DIT were back-transformed to pre
dicted DI using: DI = DIT ×N− 0.5

N− 1 . Stands were classified as SPBR- 
negative if the predicted incidence was below 0.005 (0.5 %). The ab
solute and relative increase of predicted DI caused by future RCP sce
narios were calculated by comparing the current predicted DI and future 
predicted DI, the increase under different RCP scenarios and time win
dows were plotted on the map. Density graphs were plotted to sum
marize the absolute and relative increase of DI in the three regions in 
northern Sweden.

3. Results

3.1. Summary of SPBR epidemics in surveyed stands

Most surveyed plots in Västerbotten, Jämtland, and Västernorrland 
were free of SPBR, whereas approximately half of the plots in Norrbotten 
were positive (Fig. 1A). At the stand level, 87.1 % of surveyed stands in 
Norrbotten were SPBR-positive, compared to 59.5 % in Västerbotten 
and 33.6 % in Jämtland and Västernorrland. The highest recorded dis
ease incidence (DI) was 48.8 % in a single stand in Norrbotten, although 
DI was generally below 10 % across most stands (Fig. 1B).

Preliminary correlation analyses revealed a positive correlation be
tween DI and elevation in all three regions (Fig. 1C). Stands in which the 
telial host Melampyrum spp. was present during the survey (rare to very 
frequent) tended to have higher DI. Stands with dry soil generally 
showed lower DI values (Fig. 1E). Due to the small number of stands 
categorized as having wet soil (n = 4), these wet soil stands were pooled 
with moist soil stands for subsequent analyses.

3.2. SPBR absence/presence in plots was associated with soil moisture 
and climate conditions in June

The coefficients and performance of various generalized linear mixed 
models (GLMMs) in logistic regression were compared in Table 1 (with 
climate variables) and Supplementary Table 2 (without climate 
variables).

The presence of SPBR was not significantly associated with soil type 
(STY), soil texture (STE), the presence of mobile soil water (MBS), ground 
(Gr), or slope (Sl). The SPBR presence was geographically aggregated 
towards the east (higher longitude, lon), which also suggested aggre
gation towards the north due to the survey data set and the geography of 
Sweden. SPBR presence was also associated with forest stands with 
higher elevation (E) and older age (Age). Among topographic factors, 
soil moisture (SM) was the most influential, with drier soils corre
sponding to a lower likelihood of disease. Vegetation variables, partic
ularly higher pine proportion (PP) and Melampyrum abundance (Mel), 
were also significant predictors.

Inclusion of climate variables improved model fit in most cases, with 
the exception of models using climate data from July and August. 
Models with climate factors in June and September (precipitation, 
temperature and relative humidity) had the best AIC and accuracy; the 
most parsimonious model included precipitation (P) in June (Table 1). 
However, the model with September climate variables was abandoned 
due to high collinearity and multicollinearity (GVIF > 5). The result 
suggested higher amount of rain in June was associated with disease 
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presence.
Standardization of the variables allowed cross-comparison of the 

level of impacts among the factors. Besides the aggregated distribution 
of SPBR (longitude), elevation had the strongest positive impact on the 
SPBR presence among all the variables, while dry soil had the strongest 
negative impact (Fig. 2). Other variables included in the model had 
similar positive association with SPBR presence.

3.3. High SPBR incidence was associated with Melampyrum abundance 
and June climate conditions

The coefficients and performance of various beta regression models 
are shown in Table 2 (with climate variables) and Supplementary 
Table 3 (without climate variables). Stands with high SPBR incidence 
were geographically concentrated in the Norrbotten county, especially 
in the east (higher lon). In addition, stands with higher elevation (E) and 
older age tended to have higher disease incidence. Very frequent Mel
ampyrum abundance (Mel) was another risk factor that would increase 
the disease incidence. Soil moisture (SM) did not improve model per
formance and was thus excluded from the final model. Notably, pine 
proportion (PP) exhibited a consistent negative association with disease 
incidence across all models. This inverse relationship might reflect a 

secondary effect, where severe SPBR infections reduce pine density over 
time.

In models with climate factors, climate variables in May and June 
outperformed the other time periods (Table 2). The most parsimonious 
model with temperature and precipitation in June produced the lowest 
AICc and highest likelihood (LL). It suggested that higher temperature 
and precipitation in June were associated with higher disease incidence. 
June temperature had the strongest impact on the SPBR incidence 
together with elevation and Melampyrum, besides the location of the 
stand (Fig. 2).

This most parsimonious model with climate factors was used to 
generate spatial predictions of SPBR incidence and compare the results 
with the observed SPBR incidence in the survey (Fig. 3). The predicted 
SPBR incidences were similar to observed SPBR incidences in northern 
Sweden: the incidences were much higher in Norrbotten county (BD); 
while in Jämtland and Västernorrland counties (YZ), more stands were 
SPBR negative. However, the model did not predict a few stands that 
were SPBR negative in Västerbotten (AC) and the one stand with 
extremely high incidence (48.8 %) in Norrbotten (BD).

Fig. 1. Summary of Scots pine blister rust (SPBR) prevalence and incidence in surveyed plots and stands in the three counties in northern Sweden. (A) The number of 
SPBR positive and negative plots in each county. (B) Histogram of SPBR disease incidence in stands in each county. (C) Scatter plot with linear regression (95 % 
confidence interval) of disease incidence and elevation. (D) Box plot of disease incidence in stands with various levels of Melampyrum abundance. (E) Box plot of 
disease incidence in stands with various level of soil moist. AC: Västerbotten. BD: Norrbotten. YZ: Jämtland & Västernorrland.
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Table 1 
Parameter estimates of logistic regression with generalized linear mixed model of Scots pine blister rust (SPBR) absence/presence in each plot. The response variable 
was SPBR presence/absence. Stand ID was assigned as the random effect. Other geography, topography, vegetation, and climate variables were used as fixed effects. 
AIC: Akaike information criterion. BIC: Bayesian information criterion. AUC: Area under the curve of receiver's operating characteristic (ROC). lon: longitude. E: 
elevation. Age: stand age. SM: soil moisture. Mel: Melampyrum abundance. PP: pine percentage. T: temperature. RH: relative humidity. P: precipitation.

Models Basic 
model

Basic 
model 
+ May to 
October 
climate

Basic 
model 
+ May to 
July 
climate

Basic model 
+ August to 
October 
climate

Basic 
model 
+ May 
climate

Basic 
model 
+ June 
climate

Basic 
model 
+ July 
climate

Basic 
model 
+ August 
climate

Basic model 
+ September 
climate

Basic model 
+ October 
climate

Basic model 
þ June 
precipitation

(Intercept) -2.0352 
***

-2.4617 
***

-1.559 
***

-3.1796 
***

-2.0445 
***

-1.1058 
**

-2.0797 
**

-2.594 
***

-2.5568 
***

-3.0868 
***

-1.8291 
***

lon 1.82929 
***

1.77125 
***

1.88725 
***

1.75016 
***

1.6288 
***

2.23114 
***

1.58954 
***

1.6877 
***

1.77951 
***

1.91773 
***

2.01488 
***

E 1.02654 
***

0.79525 
***

0.81696 
***

0.81899 
***

0.77193 
***

1.1011 
***

0.76506 
***

0.78637 
***

0.76896 
***

1.14886 
***

0.86641 
***

Age 0.28168 
**

0.28125 
**

0.34982 
***

0.30732 
***

0.17508 
.

0.43114 
***

0.2983 
**

0.28154 
**

0.1276 0.34444 
***

0.43067 
***

SM-wet -0.134 -0.1497 -0.1381 -0.16 -0.1263 -0.1597 -0.1345 -0.1324 -0.1558 -0.1367 -0.1675
SM-dry -0.8883 

***
-0.8224 
***

-0.805 
***

-0.8361 
***

-0.844 
***

-0.8206 
***

-0.8316 
***

-0.8755 
***

-0.7816 
***

-0.8269 
***

-0.8595 
***

Mel-rare 0.4563 
*

0.46704 
*

0.43971 
*

0.48093 
*

0.48008 
*

0.42628 
*

0.45272 
*

0.48113 
*

0.46201 
*

0.4716 
*

0.4499 
*

Mel- 
frequent

0.22891 0.25421 0.22167 0.28003 0.26114 0.20438 0.24962 0.26526 0.25102 0.28968 0.2451

Mel-very 
frequent

0.52081 
*

0.53925 
*

0.56645 
**

0.54837 
*

0.56075 
**

0.51644 
*

0.60228 
**

0.55564 
**

0.55615 
**

0.57316 
**

0.56483 
**

PP 0.37804 
***

0.36452 
***

0.37002 
***

0.3614 
***

0.35473 
***

0.38196 
***

0.37166 
***

0.36657 
***

0.35088 
***

0.34857 
***

0.39153 
***

T ​ -0.8152 
*

0.14176 -1.0843 
***

-0.3565 0.71399 -0.0963 -0.5833 -1.3843 
***

-0.4463 
*

​

RH ​ -0.5917 
**

-0.2402 -0.5779 
**

-0.4786 
**

-0.0222 -0.0054 -0.1933 -0.8467 
***

-0.5095 
***

​

P ​ 0.50059 
**

0.61793 
**

0.3625 
*

0.27618 
*

0.61988 
***

0.27813 0.0351 0.59714 
***

0.00025 0.41575 
**

AIC 2269.9 2263.9 2264.4 2262.8 2266.6 2262.1 2271 2272.9 2252.8 2260.6 2263.1
BIC 2334.6 2346.3 2346.8 2345.2 2349 2344.5 2353.4 2355.3 2335.2 2343 2333.7
AUC 0.853 0.855 0.854 0.853 0.854 0.854 0.854 0.853 0.854 0.855 0.852
Sensitivity 0.8377 0.7987 0.8312 0.8506 0.8247 0.7078 0.8182 0.8117 0.8117 0.8506 0.8442
Specificity 0.7216 0.7608 0.7294 0.7059 0.7412 0.8451 0.7412 0.7431 0.7471 0.7078 0.7157
Accuracy 0.7485 0.7696 0.753 0.7395 0.7605 0.8133 0.759 0.759 0.762 0.741 0.7455

Significance levels: ***: p < 0.001, **: p < 0.01, *: p < 0.05,.: p < 0.1

Fig. 2. Coefficient estimates of Scots pine blister rust (SPBR) presence/absence and incidence models. (A): logistic regression with generalized linear mixed model of 
SPBR presence/absence. (B): beta regression of SPBR incidence. The variables were rescaled/standardized with a mean of 0 and a standard deviation of 1 and ranked 
based on the coefficients. Significance levels: ***: p < 0.001, **: p < 0.01, *: p < 0.05.
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Table 2 
Parameter estimates of beta regression models of Scots pine blister rust (SPBR) disease incidence in each stands. The models included climate variables from indicated 
time periods. The response variable is transformed disease incidence. AICc: Akaike information criterion. LL: likelihood The highlighted model with best performance 
is used in analysis with climate data. lon: longitude. County-BD: Norrbotten. County-YZ: Jämtland and Norrbotten. E: elevation. Age: stand age. Mel: Melampyrum 
abundance. PP: pine percentage. T: temperature. RH: relative humidity. P: precipitation.

Models Basic 
model

Basic 
model 
+ May 
to 
October 
climate

Basic 
model 
+ May 
to July 
climate

Basic 
model 
+ August 
to 
October 
climate

Basic 
model 
+ May 
climate

Basic 
model 
+ June 
climate

Basic 
model 
+ July 
climate

Basic 
model 
+ August 
climate

Basic model 
+ September 
climate

Basic 
model 
+ October 
climate

Basic model 
+ May 
temperature

Basic model 
+ June 
temperature 
and 
precipitation

(Intercept) -4.2156 
***

-3.8999 
***

-3.5538 
***

-4.2512 
***

-3.92 
***

-3.7103 
***

-4.2071 
***

-4.0306 
***

-4.2387 
***

-4.0828 
***

-3.9237 
***

-3.791 
***

lon 0.59548 
***

0.647 
***

0.62488 
***

0.65912 
***

0.64188 
***

0.70801 
***

0.63495 
***

0.58848 
***

0.68323 
***

0.66944 
***

0.63985 
***

0.70884 
***

County- 
BD

0.67807 
***

0.86564 
***

0.8674 
***

0.73935 
***

1.01454 
***

0.78134 
***

0.73587 
***

0.96361 
***

0.64665 
***

0.7359 
***

0.74175 
***

0.74585 
***

County-YZ 0.27522 0.14494 0.01349 0.28369 -0.0009 0.18055 0.23861 0.1708 0.26656 0.23532 0.15148 0.21992
E 0.52623 

***
0.64686 
***

0.66019 
***

0.58044 
***

0.67654 
***

0.67572 
***

0.58026 
***

0.57471 
***

0.537 
***

0.61541 
***

0.6481 
***

0.64731 
***

Age 0.25332 
***

0.26935 
***

0.30184 
***

0.26346 
***

0.33177 
***

0.27718 
***

0.24942 
***

0.30247 
***

0.23343 
***

0.24646 
***

0.27865 
***

0.27468 
***

Mel-rare 0.09958 0.07283 0.06265 0.08503 0.09733 0.07048 0.12081 0.08193 0.23343 0.08625 0.11009 0.08182
Mel- 

frequent
-0.1025 -0.1328 -0.1456 -0.1174 -0.1274 -0.1437 -0.0936 -0.1186 -0.1179 -0.1083 -0.1003 -0.1329

Mel-very 
frequent

0.3505 
**

0.31336 
*

0.31317 
*

0.33313 
**

0.31201 
*

0.31711 
*

0.33727 
**

0.33589 
**

0.33383 
**

0.32768 
**

0.3275 
**

0.31914 
*

PP -0.1581 
***

-0.1589 
***

-0.1607 
***

-0.1562 
***

-0.1688 
***

-0.1584 
***

-0.1687 
***

-0.1476 
***

-0.1631 
***

-0.1625 
***

-0.1725 
***

-0.1626 
***

T ​ 0.2102 0.64407 -0.0352 0.51382 
*

0.58362 
*

-0.0299 0.16455 -0.2494 0.10842 0.29701 
*

0.4285 
***

RH ​ -0.1021 0.09783 -0.0908 0.1051 0.1045 -0.1185 -0.0661 -0.2294 
*

-0.0198 ​ ​

P ​ 0.1423 
*

0.17611 
*

0.07095 0.08499 0.13185 
.

0.01657 0.19109 
*

0.16147 
*

-0.0417 ​ 0.15113 
*

Pseudo R- 
squared

0.4324 0.4429 0.4482 0.4375 0.4457 0.4467 0.4309 0.4419 0.4433 0.4348 0.4364 0.444

AICc -2495.4 -2495.7 -2498.2 -2491.1 -2499.1 -2498.7 -2491.7 -2494.8 -2495.2 -2490.7 -2498.9 -2500.2
LL 1259.01 1262.35 1263.61 1260.05 1264.09 1263.87 1260.37 1261.94 1262.13 1259.89 1261.81 1263.53

Significance levels: ***: p < 0.001, **: p < 0.01, *: p < 0.05,.: p < 0.1

Fig. 3. Scots pine blister rust disease incidence observed in the surveys (left) and predicted based on the beta regression model (right). AC: Västerbotten. BD: 
Norrbotten. YZ: Jämtland & Västernorrland.
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3.4. Climate change is predicted to increase the SPBR incidence in 
northern Sweden

With climate projection data in June from 2041 to 2070, and from 
2071 to 2100 under RCP2.6, RCP4.5 and RCP8.5 scenarios, the pre
dicted future SPBR incidence is shown in Supplementary Figure 2. The 
increase of SPBR disease incidence is shown in Fig. 4. It is important to 
note that these projections reflect only the influence of climate variables. 
Other potentially dynamic factors (e.g. stand age, Melampyrum abun
dance) were held constant in the analysis.

Under RCP2.6, minimal increases in SPBR incidence were projected. 
The absolute increase of stands in all three counties was expected to be 
less than 5 % by 2070 and 2100 (Fig. 5). Under RCP4.5, small absolute 
increases (<5 %) in SPBR incidence were predicted in Västerbotten 
(AC), Jämtland and Västenorrland (YZ), while moderate increases (5 % 
– 10 %) were projected in some stands in Norrbotten (BD) by 2070 and 
2100. Under RCP8.5, more substantial increases in SPBR incidence were 
predicted, including increases of up to 20 % in several stands in Norr
botten (BD).

In all RCP scenarios, the most pronounced absolute increases in SPBR 
incidence were expected to occur in northern regions, particularly 
Norrbotten (BD), while southern areas were projected to experience 
small absolute increases (Fig. 5 A). However, the relative increases of the 
incidence would be higher in Jämtland and Västernorrland (YZ) by 
2070, and Västerbotten (AC), Jämtland and Västernorrland (YZ) by 

2100, where climate change might double or triple the SPBR incidence 
(Fig. 5 B).

4. Discussion

4.1. Geographical distribution of SPBR in Northern Sweden

The four counties included in the study— Norrbotten (BD), 
Västerbotten (AC), Jämtland (Z), and Västernorrland (Y) have 5.7, 3.9, 
3.4, and 1.8 million hectares of forestland, which is equivalent to 58 %, 
72 %, 70 % and 88 % of the total land area. Scots pine accounts for 
58 %, 47 %, 39 % and 37 % of the standing volume in the production 
forest in these counties (SLU National Forest Inventory, 2023). Survey 
data confirmed earlier reports from the Swedish National Forest In
ventory showing that SPBR causes the most severe damage in Norrbot
ten, the northernmost county (SLU National Forest Inventory, 2023). 
Both GLMM and beta regression results showed that SPBR presence and 
incidence increased toward the northeast (higher longitude and lati
tude) and with higher elevation. A similar trend has been reported for 
white pine blister rust (WPBR) caused by C. ribicola in North America, 
where higher latitude was linked to greater disease risk (Dahir and 
Carlson, 2001; White et al., 2002). In addition, WPBR incidence was also 
significantly correlated with higher topographic position (Dahir and 
Carlson, 2001) or increased until it peaked at around 2800 m (Thoma 
et al., 2019). This association is potentially due to lower evaporation 

Fig. 4. The impact of climate change on the absolute increase of the Scots pine blister rust disease incidence in different Representative Concentration Pathway 
(RCP) scenarios in 2041–2070 and 2071–2100. Solid gray dots indicate no increase. AC: Västerbotten. BD: Norrbotten. YZ: Jämtland & Västernorrland.
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rates and higher moisture availability in higher latitude (White et al., 
2002) and frequent water condensation at elevated sites, which provides 
free water for spore germination and infection.

4.2. SPBR epidemics are associated with stand age, host availability, and 
soil moisture

SPBR presence and incidence are higher in older stands, which likely 
reflects the cumulative nature of infections over time rather than age- 
related susceptibility in pine trees. SPBR infection occurs primarily in 
current-year needles and shoots (Samils and Stenlid, 2022). After 
infection through the stomata, the pathogen grows towards the stem and 
needs two to six years to develop aecia with aeciospores (Kaitera, 2000). 
Previous studies based on naturally infected pine stands and field trials 
in Sweden and Finland showed that fresh aecia could occur in shoots 
3–20 years of age (Kaitera, 2000; Persson et al., 2024). Earlier studies 
(Rennerfelt, 1947; Van Der Kamp, 1970) found that C. pini aecia were 
most frequent in 2 – 4-year-old pine shoots; the cankers would stay 
active for several years and might produce aeciospores every summer to 
start the new life cycle.

GLMM results indicated that SPBR presence was positively associ
ated with higher pine proportion, reflecting higher host availability to 
the pathogen. Higher tree diversity in a mixed forest usually improves 
forest resilience to tree diseases (Roberts et al., 2020). More frequent 
occurrences of non-hosts (spruce and birch in the case of SPBR) can 
interrupt the spread of pathogen inoculum. For example, Californian 
coastal forests with lower densities of tanoaks in mixtures with non-host 
neighbour species had lower Phytophthora ramorum transmission and 
reduced tanoak mortality (Cobb, 2022). In contrast, beta regression 
revealed an inverse relationship between pine proportion and disease 
incidence. This may be due to SPBR-induced mortality, which has 
reduced pine density in highly infected areas, since early infection in 
young trees leads to canker in the main stem that can girdle and kill the 
whole tree (Kim et al., 2021).

Due to the critical role of Melampyrum as the telial host in C. pini life 
cycle, its presence is evidently a risk factor for SPBR. Both GLMM and 
beta regression confirmed that frequent presence of Melampyrum was 
strongly associated with higher SPBR incidence, supporting its impor
tant role in SPBR epidemiology (Kaitera and Hantula, 1998). This cor
relation is not always found between conifer rust and alternate (telial) 

host distribution. For instance, Maloney (2011) found no association 
between the abundance of Ribes and the presence or absence of WPBR, 
which could be explained by the disconnection between Ribes leaf 
development and C. ribicola sporulation (Maloney, 2000) and the long 
dispersal distance of Cronartium basidiospores (van Arsdel et al., 2006). 
In our surveyed regions, Melampyrum is most abundant in June to July, 
which is a compatible timing with C. pini sporulation.

Soil moisture was among the strongest predictors of SPBR absence/ 
presence. Drier soils were associated with a lower likelihood of disease, 
consistent with earlier observations (Dufberg and Lundholm, 2013). 
Scots pine is known to reduce transpiration and close stomata during 
drought stress to reduce transpiration and prevent substantial xylem 
embolism (Bucholz et al., 2020; Irvine et al., 1998; Panek and Goldstein, 
2001), which likely inhibits spore entry and infection through stomata 
(Ragazzi et al., 2005). In WPBR inoculation tests, Patton and Spear 
(Patton RF and Spear RN, 1980) reported that the closure of stomata was 
important in preventing entry by the C. ribicola basidiospore germ tube 
into the substomatal tissue. In addition, drought can reduce the atmo
spheric relative humidity in the microclimate, which causes the failure 
of spore germination and colonization (Jactel et al., 2012). In a recent 
study of WPBR distribution modelling, Dudney et al. (2021) reported 
that drought might decrease WPBR infection risk at low elevations while 
simultaneously increasing infection risk at high elevations. However, 
the elevation of their study site was between 1300 m and 3000 m, while 
the highest elevation in our survey data was 525 m. Unlike disease 
absence/presence, soil moisture was not retained in the beta regression 
models for incidence. The cause behind this could be that these two 
analysis model two different types of data, the binary data at the plot 
level and the incidence in the open interval (0,1) after transformation. 
Soil moisture had more impact on “any disease (1) vs no disease (0)”, but 
in beta regression with transformed 0, this predictor might not be sig
nificant enough to differentiate a low disease incidence and a high dis
ease incidence. It could also reflect more complex or delayed effects of 
soil moisture on disease development in stands, or confounding from 
other variables such as elevation and climate.

4.3. Climate change is predicted to promote SPBR epidemics in northern 
Sweden

The weather in the recent decades in Sweden has become more 

Fig. 5. Density plot of the number of stand distribution of Scots pine blister rust disease incidence increase in different Representative Concentration Pathway (RCP) 
scenarios in 2041–2070 and 2071–2100. A: Absolute increase; B: Relative increase. AC: Västerbotten. BD: Norrbotten. YZ: Jämtland & Västernorrland.
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humid, especially in summer (SMHI, 2023); this could be one of the 
factors that caused the increase of SPBR epidemics (Samils and Stenlid, 
2022). Year-round climate data (Dudney at al. 2021) or summer climate 
data (Shepherd et al., 2025) have been used in previous WPBR model
ling in North America. We aimed to identify the time window when 
climatic conditions had the most critical impact on SPBR, therefore, the 
monthly average temperature, RH, and precipitation were tested in the 
models. In northern Sweden, the monthly temperature in late autumn to 
spring (November to April) is generally below zero, with precipitation 
falling as snow. The vegetation season starts in mid-spring when the 
average temperature has been above 5◦C for four consecutive days and 
ends in mid-autumn when the average temperature has been below 5◦C 
for four consecutive days (Häggström et al., 2021). Assuming that C. pini 
grows in the host tissue actively during the vegetation period, we only 
included climate data from May to October in the modelling.

The GLMM and beta regression identified that higher precipitation 
and higher temperature in June were associated with SPBR presence and 
higher incidence. This conclusion corresponds with the life cycle of 
C. pini in northern Sweden. In mid to late June, the aeciospores from 
autoecious C. pini infect pine through wounds (Kaitera and Nuorteva, 
2008); the aeciospores from heteroecious C. pini infect the telial host 
(such as Melampyrum spp.) leaves. The upper and lower temperature 
limits for aeciospore germination are 5 ◦C and 30 ◦C, with an optimal 
temperature of 25 ◦C (Olembo, 1971). Therefore, there may be a 
mechanistic connection between increased temperatures and the 
increased disease incidence through the promotion of aeciospore 
germination. Currently, we lack information on the optimal temperature 
for the colonization of C. pini mycelium in pine or Melampyrum tissue; 
nonetheless, higher temperatures usually favour the growth and repro
duction structure development of fungi, including some conifer rust 
species (Zhang et al., 2022). More frequent and higher amount of pre
cipitation creates a moist condition that is essential for C. pini aeciospore 
germination and infection. The positive correlation between higher 
temperature and/or precipitation and disease incidence has also been 
reported in WPBR. In Canada, high WPBR incidences in white bark pine 
and limber pine were associated with high precipitation in spring and 
the cool/wet condition in summer, while the white bark pine mortality 
was higher in areas with higher summer heat moisture index (Shepherd 
et al., 2025). In the US, Dudney et al. (2021) developed a quadratic 
model of WPBR based on yearly average vapour pressure deficit (VPD); 
higher VPD suggests higher temperature and drought. The strong asso
ciation between high precipitation and high humidity and basidiospore 
release has been known in many conifer rust, such as SPBR (Ragazzi, 
1989, 1983), WPBR (Arsdel, 1967), and cherry spruce rust (Zhang et al., 
2022). Cronartium pini basidiospores are dispersed from July to 
September in Italy and Finland (Kaitera et al., 2005; Moriondo, 1980). 
Interestingly, weather conditions in July to September were less pre
dictive of SPBR outcomes in this study, but early summer conditions 
played a more critical role.

Climate change will have a greater impact at higher latitudes than 
lower latitudes (Deutsch et al., 2008) (IPCC 2025). The temperature 
increase since the end of 19th century in Sweden is two times higher 
than the global average (Schimanke et al., 2022). In the next decades, 
the temperature in June will continue to increase in Sweden (Strandberg 
et al., 2024). The precipitation indices, such as the number of rainy days 
in summer (June to August) will also increase in Northern Sweden (Chen 
et al., 2015). Based on the current trend, the emission scenario RCP4.5 is 
most likely to occur by the end of this century (Sarofim et al., 2024). In 
previous studies, the increasing temperature is projected to increase the 
plant disease risk at higher latitudes in the future (Chaloner et al., 2021; 
Dudney et al., 2021; Strandberg et al., 2024). Less attention has been 
drawn to the impact of future moisture conditions (water vapor, evap
oration, and precipitation). Our models included both temperature and 
precipitation projections. Under the intermediate-emission scenario 
(RCP4.5), the model predicted relatively modest increases of SPBR in
cidences (<5 %) by the end of the century. However, under 

high-emission scenario (RCP8.5), SPBR incidence could increase by as 
much as 20 % in certain stands—primarily in Norrbotten. The high 
relative increase of SPBR in both scenarios, about 50–300 %, suggests 
the forestry sector needs to deploy effective disease management stra
tegies, such as breeding pines with better resistance and avoiding 
regeneration with pine in regions with high SPBR risk.

4.4. Limitations in modelling

Cronartium pini has two life cycle forms that are morphologically 
indistinguishable. During the survey, aeciospore samples were occa
sionally collected to determine which form was prevalent in different 
regions. In general, heteroecious form dominates in Norrbotten, whereas 
autoecious form is more prevalent in Jämtland and Västernorrland; 
these two forms can coexist in the same stand, especially in Västerbotten 
(Zhang and Samils, 2024). A significant number of aeciospore samples 
should be collected from each stand to determine the dominant form of 
C. pini. Therefore, the form information is not included in this project. 
The differences in their life-cycles suggest these two forms may respond 
differently to environmental factors; however, this difference is not 
specifically addressed in our analysis. The beta-regression of SPBR 
incidence included counties as one of the explanatory variables, which 
may account for the variance caused by form differences. Future studies 
should investigate the differences in epidemiology between the two 
forms.

Our predictions of future SPBR incidences only reflect the direct ef
fects of climate. Future changes in other variables, such as pine density, 
stand age, and Melampyrum abundance, are not accounted for. For 
instance, M. sylvaticum has already expanded upward in elevation over 
the past several decades (Kullman, 2010), suggesting that host distri
bution will likely shift with changing climates. Furthermore, long-term 
climate change could alter host-pathogen interactions in ways that are 
currently difficult to model. Future studies should address the evolu
tionary responses and adaptation capacities of C. pini, Scots pine, and 
Melampyrum spp. under projected climate conditions. Host resistance, 
fungal aggressiveness, and vector dynamics may all shift, necessitating 
ongoing monitoring and updated epidemiological models.

5. Conclusions

In summary, our study provides new insight into the risk factors 
driving SPBR outbreaks in northern Sweden. Besides natural accumu
lation of infections in older stands and known geographical aggregation, 
we identified elevation, moist soil, presence of Melampyrum, and high 
temperature and precipitation in June as the key risk factors for the 
presence and high incidence of this disease. Climate change is projected 
to amplify SPBR incidence, particularly in northern regions, but current 
models likely underestimate the full scope of future epidemics. More 
knowledge on the broader ecological and evolutionary factors will be 
valuable to support sustainable forest management and disease mitiga
tion strategies.
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